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Preface 


For many years the science of Physics was known as Natural Philosopliy, and 
little thought was given to the possible applications of its principles to the prac¬ 
tical problems of life. It was purely an academic subject. When finally its prin- 
ciples began to be applied to the problems of industry and commerce and their 
practical value to be realized, there followed a rapid industrial expansion which 
ushered in our so-called mechanical or scientific age. Since physics was, and 
naust remain, the basic science of engineering, people generally came to think 
of physics as an engineering subject. 

Gradually the application of the physical principles to the problems of the 
farm as well received more and more attention, and physics became a required 
subject in schools of agriculture. In a similar manner, but more recently, physics 
became recognized as a foundation subject also for household science. Formal 
physics has long been a prerequisite for a medical course. Yet only recently has 
there been a widespread application of the principles and the techniques of 
physics to the sciences of biology and of medicine. Texts in physics have fol¬ 
lowed the general changes in the science, but unfortunately the recognition of 

the point of view and the interests of the students in biology or in medicine has 
been greatly delayed. 

This text is intended for a one-year course in general physics. The book 
differs from other texts principally in the choice of illustrative material. The 
author has been guided by the view that students in biology and in medicine 
are as capable of learning and as interested in the principles of physics as are 
students of engineering. No attempt has been made, therefore, to eliminate on 
the basis of difficulty any part of the more or less standardized course. 

Attention is given to those topics that are either basic to the development 
of the subject or inhinsically important to those students working in the fields 
of biology and medicine. The book contains many illustrations and applications 
not generally found in textbooks in physics. Much of the material has been 
employed in class work over a considerable period, and the present text has 

profited from the experience of other teachers who are meeting the needs of 
the nonengineering students. 

It would be impossible to list the names of all those who have had some part 
m the preparation of this text. The author visited a large number of universities 
in both the United States and Canada and also a few centers in each of England 
Germany, and France. He has received many suggestions and has been en¬ 
couraged not only by physicists but also by professors in the medical sciences 
to continue his effort to bridge the gap between physics and these related fields. 
Professor R. N. H. Haslam of the Department of Physics and Professor G J 
iMillar of the Department of Physiology, both of the University of Saskatciie- 


111 



PREFACE 


IV 


wan, and Professor R. W, McKay of the Department of Physics in the Uni¬ 
versity of Toronto, individually have read the entire manuscript. A number 
of others have read portions of it. The author is particularly indebted to his wife 
who, repeatedly, has gone through the manuscript in checking various features, 
and has assisted in many other ways. 

E. L. Harrington 


April, 1952 
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Introduction 


TTl. A Word to the Student. Your needs, interests, and pleasures have been 
the foremost factors in the selection of the material for this text. This is as it 
should be, for the university staff and facilities have been provided in order 
that you may obtain not only the best training possible but also that knowl¬ 
edge and understanding of Natui'e and its laws and principles which every 
person must acquire if he is to become a cultured and an efficient member of 
society. No material has been omitted in order to avoid requiring serious study 
on the part of the student, and no material included simply because it is ab¬ 
struse or difficult in order to make the course a stiff one for the student. Every 
topic included is believed to be either of intrinsic interest, or necessary in the 
development of the course as a whole. 

Many of the more elementary topics often included in texts on physics have 
been omitted in order to give space to more interesting extensions of the science 
and to avoid asking the student to cover again material in general science, 
physics, or chemistry previously taken in high schools, collegiates, or else¬ 
where. It is assumed that students interested in any of the sciences or medicine 
will certainly have included sciences in the courses taken in the secondary 
schools. Any student who has not acquired already an elementary knowledge 
of the simpler physical principles is advised to keep at hand a physics text of 
secondary-school grade and to consult it, subject by subject, as he advances 
through the material of this text. Indeed this would be a wise plan for even 
those who have had secondary school courses in physics. Texts in elementary 
mathematics, as well, should be kept at hand. No worth-while course in physics 
can be given w-ithout the use of mathematical concepts and techniques, although 
in the present text the emphasis is not on the matliematical aspects of the sub¬ 
ject. Throughout the text, particularly the first part, the author has used freely 
such terms as force, momentum, acceleration, electric current, whether or not 
the meaning of such terms has been developed previously in this text. 

The student will find the work much easier if he enters the course with the 
conviction that there is nothing freakish or "impossible” about physical laws 
and that he actually possesses a fair preparation for the course, whatever his 
previous work. Much of a general course in physics is devoted to systemizing the 
knowledge of the physical laws and environment already possessed by the stu¬ 
dent. Practically every student undertaking this course already has acquired 
the ability to drive a car and to take care of the mechanical demands of ordi¬ 
nary life. He has learned a great deal about heat, sound, light, and has had a 
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great deal of experience with the telephone, radio, and other electrical equip¬ 
ment. In fact, he knows as much practical physics at the outset as students a 
few decades ago knew at the close of a general course. However, much of this 
knowledge is likely to be unorganized and cannot be efficiently or even intelli¬ 
gently employed, and there are many important applications of physical prin¬ 
ciples which are as yet unknown to him. It is to meet the needs suggested by 
this situation that the present course has been organized. 

1.2. Recent Developments in Physics. During the last five decades the 
scope of physics has expanded at an astonishing rate along many different lines. 
The discovery of x-rays and radioactivity opened up many new fields of re¬ 
search, which have led to an understanding of atomic, molecular, and electrical 
phenomena unknown previously. Our basic concepts of radiation have been 
changed. Surface physics, relativity, quantum mechanics, acoustics, radio, arti¬ 
ficial radioactivity and atomic disintegrations, cosmic rays, the neutron, the 
positron, deuteron, to name a few subjects, all belong to the present century, 
many to the last few decades. Very recently the development of the electron 
microscope so greatly extended the limits of resolution that we can now see 
and study in detail organisms so minute that biologists previously had only 
indirect evidence of their existence. 

Research workers in other fields are increasingly employing the principles 
and techniques of physics. The results obtained through their use have been 
particularly striking in the biological fields; for example, many problems as 
to life processes have been cleared up through the physical approach. To medi¬ 
cine, physics has contributed the techniques and instruments of mechanics, heat, 
light, and electricity, and they have proved to be most valuable. The public 
generally appreciates the importance of x-rays, radium, ultraviolet and infrared 
radiations, high-frequency currents, hydrotherapy, and the physical aids to 
sight and to hearing. The problems of acoustics and of air conditioning are now 
receiving considerable attention. One hardly need mention the fact that practi¬ 
cally all engineering may be considered as applied physics, and the contribu¬ 
tions from that field to living efficiently are beyond measure. A recognition of 
the basic importance of physics to medicine is seen in the universal requirement 
of physics as one of the premeclical subjects. 

1.3. The Laws of Physics Are Universal. In recent times people generally 
are relying on the operation of physical principles rather than on supernatural 
forces or agencies wliich, throughout ancient times, were accorded such an im¬ 
portant place in the thinking of man. Our weather bureaus, guided solely by 
scientific observations and principles, have usurped the places of the weather 
prophets who presumed to operate on the basis of signs, superstitions, or special 
gifts. Our daily living is characterized by our recognition of, and respect for 
physical laws and principles. A person in a car headed for a collision against 
a post wastes no time in hoping to avoid the crash and the consequences thereof 
by mere wishing, or in attempting to turn a car to one side or to remove a post 
by the sheer force of his will. The intuitive feeling that effects follow causes is 
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universal; things do not “just happen.” Everyone knows that any physical prin¬ 
ciple or law is just as valid in Europe, Japan, India, or Australia as in America, 
and that it is just as applicable to his own body as to any inanimate body. 
Hence illustrative material related to organic bodies may be employed just 
as appropriately as that related to inorganic boclies, which are more generally 
employed in texts on physics. In the present treatise both types of material will 
be employed in order to make the course of broader interest and use, 

1.4. Historical Aspects. It may come as a surprise to many to learn that the 
earliest applications of physics were actually in the field of medicine. Yet it is 
easy to understand why this was so since the problems confronting early man 
were predominately physical and he had no other sciences on which to draw 
for relief. There is evidence of prehistoric use of the sun’s radiation and of water 
in a therapeutic sense. Even electrotherapy antedated the science of electricity, 
for as early as the beginning of the Christian era the shocks obtainable from the 
electric-ray fish were employed in the treatment of gout and other disorders. 
The Egyptians, Greeks, Philistines, and Israelites deified their God of the sun 
and of health and, in fact, erected temples and established medical schools in 
recognition of the healing effects of the sun’s radiation. By the fifth century 
heliotherapy was employed widely in Europe. Thermotherapy was widely prac¬ 
ticed by the Romans, as well as hydrotherapy. The remains of their elaborate 
baths as well as their writings give proof of the twofold use of their baths. Both 
the Chinese and the Japanese made use of such applications of physics. The 
ruins and the records of many ancient peoples bear evidence of the use of many 
mechanical principles, even some elaborate devices for curative effects. Mas¬ 
sage and many of their practices having to do with fractures are still employed. 

Such applications of physical principles greatly increased during the middle 
ages and many of the leading physicists recognized the significance of their 
discoveries in the medical field, particularly those having to do with radiations. 
AVilliam Gilbert and later Benjamin Franklin, both famous in the field of 
electricity, saw the applications of electricity in the domain of medicine and 
employed static charges therapeutically. Even John Wesley complained of the 
apathy of his contemporary physicians toward physical agents. He believed 
more nervous disorders could be cured “in one year by electricity than could 
be cured in a century by the whole English Materia Medica.” 

Both Galvani, professor of anatomy, and Volta, the physicist, appreciated 
the biological and the medical applications of electricity. The faradic currents, 
still used in all clinics in physical medicine, represent an important contribu¬ 
tion of the great physicist Michael Faraday. As early as the middle of the last 
century electrolysis was in use therapeutically. D’Arsonval and Nikola Tesla 
each made discoveries in the field of electricity which have been of great value 
in the field of medicine, as well as in theoretical and in engineering physics. 

Water- or hydrotherapy rests largely on the famous Archimedes’ principle 
and is now employed in practically all departments of pliysical therapy. 
Thermotherapy is likewise in general use, Mechano-therajiy, while known 
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and practiced throughout historical times, just now is expanding rapidly in the 
scope and in the variety of methods and equipment employed. In this field 

Sweden has made perhaps the greatest contributions. 

The invention of the microscope initiated a new era in not only the medical 
sciences but in the practice of medicine as well. The more recent development 
of the electron microscope has opened up vast new fields of investigation since 
it has practically bridged the gap between the limits of the light microscope 
and objects of molecular dimensions. The developments in the field of elec¬ 
tronics have made possible advances in practically all fields of medicine. The 
equipment used in electrotherapy, electrocardiographs, and electro-encephalo- 
graphs are important examples. The newest field is that having to do with the 
use of radioactive isotopes, both as tracers and as therapeutic agencies. It is 
significant that many of the important advances in medicine have been initiated 
by new developments in physics. It should be added that many of the dis¬ 
coveries in physics were made by medical men. 

In such a brief survey one can hardly describe the development of the various 
aspects of physical medicine or report on the successes achieved. It is sufficient 
to say that a recent treatise on physical medicine by Krusen is a volume of 800 
pages and the chapters generally contain sections dealing specifically with the 
physical principles basic to the treatments or to the applications described. 
Also, in 1944, an encyclopedic treatise of 1744 pages,* edited by Glasser, became 
available. These two references are cited to show the extent of the recognition 
of material now available pertaining to the applications of physical principles 
in the fields of biology and of medicine. Even more significant is the special 
report by the Baruch Foundation calling attention to the great shortage of 
medical men trained in the medical applications of physics, and to the great 
demand for such training incident to war casualties. Physics has throughout 
centuries played a most important part in the medical field, and, partly as a 
result of the epoch making discoveries in recent decades, is destined to make 
in the future even greater contributions in the fields of biology and medicine. 

The above sections are intended to point out the many types of applications 
of the science of physics in the fields of biology and medicine. The student must 
not draw the conclusion, however, that the main object of the text is to give 
details concerning the applications, for they are but incidental. He should real¬ 
ize that the great advances mentioned could not have been made except upon 
the solid foundation of basic principles, and that he will not greatly profit 
from taking the course unless he himself seeks to acquire an understanding of 
these principles. This cannot be gained except through an effort maintained 
consistently throughout the course regardless of whether the subject matter at 
hand has any obvious application or not. 

♦The addition of Volume 11, now available, brings the total to 3019 pages. 
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Suggested Readings 

Glasser, O. (Editor), Medical Physics, I and II, 2nd ed. (Year Book Publishers, Inc., 
1950) 

Mendenhall, C. E., Eve, A. S., Keys, D. A., and Sutton, R. M., College Physics, 2nd ed. 
(D. C. Heath & Company, 1950) 

Taylor, L. W., Fundamental Physics (Houghton Mifflin Co., 1941) 

Any available book on the history of Physics, or on Natural Philosophy. 




Physical Measurements 

Throughout the laboratory work, which almost invariably forms an impor¬ 
tant part of a general course in physics, considerable attention is given to the 
problem of making various types of physical measurements. This is as it should 
be since historically the development of physics has followed closely the im¬ 
provements in the means of making such measurements, and, in this scientific 
age, not only physics but all the sciences depend largely on the determination 
of physical magnitudes. Many of our important laws and principles could not 
have been discovered except through precise measurements. The applications of 
physics both in industry and in the other sciences are closely associated with 
the methods of making measurements in the fields concerned. 

2.1. Units of Measurements. The scientific world, regardless of race or 
political associations, makes almost exclusive use of the metric system of units 
in both laboratory and research work. Its use has been extended also into 
commercial fields in many countries. But in English speaking countries the 
clumsy English system is in general practical use except in scientific circles, 
although the metric system has been legalized in such countries. The chief 
advantages of the metric system lie in the decimal relationship between the 
magnitudes of related units, the significance of the names given to the units, 
and in its international recognition. The decimal basis means that all computa¬ 
tions involving changes in units require merely shifts in the position of the 
decimal point, since our number system is itself decimal. In sharp contrast the 
English system requires the use of such factors as 3, 5.5, 30.25, 1728, 5280, and 
so on. In the metric system multiples of the basic unit are given Greek prefixes, 
submultiples the corresponding Latin prefixes. For example, 1000 grams is a 
kilogram, while l/lOOOth of a gram is a milligram. The two systems are equally 
accurate of course, since accuracy must depend on the practical limits of ob¬ 
servation; although errors of calculation are less probable when using the metric 
system. 

The basic linear unit of the metric system is the meter, a distance equal to 
39.37 inches, or slightly longer than the English yard. Out of this grew the sys¬ 
tem of weights since the mass of one cubic decimeter of water at its greatest 
density was taken as 1 kilogram. The English-system equivalent of this is 
2.2046 lb. Tile platinum standard for the kilogram has been found to be slightly 
heavier (27 parts in a million) than this amount of water, but nevertheless con¬ 
tinues to be the standard. The liter, which is the volume of 1 kilogram of water 
at its greatest density, has become the more commonly used unit of volume 
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in spite of this discrepancy. It follows that 1 milliliter — 1 cubic centimeter, ap¬ 
proximately. (Actually 1 ml 1.000027 cm^.) 

The magnitudes of the different units are fixed by international agreement, 
and the necessary standards are kept carefully guarded at the International 
Bureau of Weights and Measures, near Paris. Many copies of these primary 
standards have been made with great precision, and tliese, in turn, serve as 
secondary standards. These are kept in the national bureaus of standards of the 
various nations, and serve for stand¬ 
ards in their respective countries. The 
Royal Observatory at Greenwich, Eng¬ 
land, is the international authority on 
time, and its time signals, regularly sent 
out by wire and by radio, aid in keep¬ 
ing the clocks of the civilized world in 
synchronism. Tlie quartz cr>^stal oscil¬ 
lator has been found to have such a con¬ 
stant frequency that it is now possible 
to measure accurately short time inter¬ 
vals of the order of millionths of a sec¬ 
ond. Crystal-controlled clocks of amaz¬ 
ing accuracy have been developed. 

2.2. Instruments of Measurement. 

Certain mechanical aids in making ex¬ 
act measurements are in wide vise and 
already must be familiar to the student. 

Among these may be mentioned the 
vernier caliper (named after its inven¬ 
tor) and the micrometer caliper, the 
balance, and the .«top watch. These are 
u.sed cjuitc as much in industry, in ga¬ 
rages, in workshops generally, as in the 
laboratories. Recently the development 
of the controlled-fre(|uency, alternating 

current power distribution has made possible the use of various types of timers 
employing synchronous motors. These are gradually taking the place of >top 
watches for many purposes. 

A great variety of physical instruments have been (h'velopc'd for making 
measurements in biology, physiology, and medicine. One of tlu' most us(*ful is 
the micrometer microscotie. Then* iw two types of thc'se in common use. In one, 
the image of the object to be measured is thrown directly onto a tran^paivnt 
scale mounted in tin* focal plane of tlu? eye lens and distances are read directly. 
Tlu* corresponding object oi’ real <listan(a*s may be obtained bv calibrating the 
microscotie slide. 'This may be done easily by viewing a stamlard ''Cah- engraveil 
on a mierosco[)e slide. In another form of the instrument, a “cro^s hair*' is 


Fio. 2-1. Micrometer microscope (Cour¬ 
tesy of Ciaertner Scientific C'orporalion) 
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mounted on a frame which can be moved in the focal plane of the eye lens by 
means of a micrometer screw provided with a suitable scale. A typical example 
of this type is shown in Fig. 2-1, Where distances which are small yet greater 
than microscopic are to be measured, as in spectroscopy, traveling microscopes 
are employed. These are made by mounting the microscope proper on precision 
rails and providing it with a micrometer screw by which it can be moved later¬ 
ally and its movement read. For accurately measuring somewhat greater dis¬ 
tances, say up to a meter, a cathetometer is more suitable. This consists of a 
short focus telescope mounted on a precision ground pillar and provided with 
leveling screws and a scale. It is widely used in laboratories. In using a cathe¬ 
tometer, one does not have to come into physical contact with the object being 
measured—very often an important advantage. 



(a) (b) 

Fig. 2-2. Graphical methods of determining areas (a) by subdivi.<5ion into triangles and 

(b) by counting squares 


Areas to be measured in medicine or in biology, in fact generally, are more 
likely to be irregular in shape than regular. Areas bounded by straight lines 
may be subdivided into triangles and the total area determined from their 
dimensions. The triangle method may be applied also to areas irregular in form, 
for it is often possible to enclose a closely equivalent area by a broken line 
and then proceed by the triangle scheme. Or, the areas may be drawn on cross- 
section paper or projected directly onto a cross-ruled screen and the areas de¬ 
termined by counting the squares completely enclosed. To the number thus 
obtained, it is customary to add half the number only partially included. Obvi¬ 
ously the area corresponding to each square must be determined if not given. 
The two methods are illustrated in Fig. 2-2. OI).==ervors having many areas to 
determine arc more likely to use an instrument known as a planimeter, which 

gives the area directly from wheel readings, no matter how irregular its bound¬ 
ary may be. 


Methods of measuring pressures, temperatures, electric currents and poten¬ 
tials, intensities of radiation, radioactivities, and the like, may be presented 
more advantageously in the later sections dealing with those subjects IMethods 
of weighing are given considerable attention in chemical laboratories. In physi¬ 
ology as well as in physics and in other sciences, one often studies and measures 
transient phenomena indirectly by means of traces suitably recorded on moving 
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charts. Thus we have thermographs, barographs, electrocardiographs, chrono¬ 
graphs, and recording electric instruments of various types. In many cases, a 
time trace is taken along with the trace to be studied. Fig. 2-3 is a schematic 
diagram showing an arrangement for making a study of the contractions of the 
sartorius muscle of the frog. The time wave or signals may be furnished by 
means of a tuning fork, an electric vibrator, or by an electrically driven clock. 
In the fields of natural and artificial radioactivity, the use of automatic elec¬ 
tronic counting devices capable of high-speed, accurate counting have greatly 
speeded up the developments which have contributed so much to defense. 

2.3. Errors. Whatever the measurement made, one cannot expect to obtain 
exactly the true value, but there are many means of arriving at an estimate of 
the magnitude of the error involved. An adequate discussion of the theory of 



Fig. 2-3. Schematic method of recording and timing the contractions of a muscle 

errors and their correction is beyond the scope of tliis text, but certain general 
principles which are applicable to all measurements, whether or not physical, 
should be noted. 

Many errors arc simply the results of mistakes of some sort; for example, 
one may close switches or stop clocks in the wrong order, or make arithmetical 
errors. In general they are considered inexcusable and may be corrected only by 
greater care on the part of the observer, or by a change in observers. It is im¬ 
possible to make any calculations or estimates as to the magnitudes of such 
errors, or even to know when they are involved. 

Many errors are made even by painstaking observers through failing to use 
good techniques. For example, errors in reading the level of a liquid surface may 
ari.se through using weak or poorly placed liglits. Shadows or glares or just dim¬ 
ness may lead to inaccuracies. Failure to keep the cye-to-scalc line normal to 
the scale and to the column of liquid, and to judge correctly the position of the 
meniscus is a frequent cause of error in measuring barometers, manometers in 
general, and burettes. Similarly, the positions of pointers in dial instruments 
of all kinds are likely to be incorrectly read if viewed obliquely or if inade¬ 
quately illuminated. Readings of all such instruments are likely to be more 
accurate if the observer makes use of a properly j)laced magnifier. 

Constant errors are those due to faults in the instruments, improp(‘r illu¬ 
mination, inaccurate graduations, and the like. For exanqile, a clinical ther¬ 
mometer may be incorrectly graduated, an ammeter may not read z(‘ro for zero 
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current, or its magnets may have become weakened, or the timer may run too 
fast or slowly. Even the observer habitually may read too low or too high. A 
cure for such errors is generally found in a change in instruments or in ob¬ 
servers, or both. 

Accidental errors are those due to varying conditions external to and be¬ 
yond the control of the observer and his instruments. Because of air currents, 
variations in charge, and the like, even a “perfect shot” cannot hit the target 
center every time; but the distribution of shots about this center will be found 
symmetrical assuming a large number of targets are examined, and will lend 
itself to mathematical treatment. The twinkling of a star and the apparent 
vibrations of objects seen through a layer of heated air over a stove or a hot 
roadway are illustrative of accidental variations. Any series of observations 
will involve errors of this sort whether or not there are also mistakes or constant 
errors. Insofar as accidental errors are involved it may be stated that if a large 
number of observations are made half of them will be positive, and half nega¬ 
tive; most of them will be very small, and none very large. An arithmetical 
mean of the readings obtained for any magnitude may be taken as reliable if 
a sufficient number of readings have been taken. The precision of the measure¬ 


ment may be estimated on the basis of the magnitudes of the deviations of the 
individual readings from their arithmetical mean. In particular one might de¬ 
termine the magnitude of an error, called the “probable error.” Its magnitude 
is such that if it be added to and subtracted from the mean value it would give 
limiting values such that an additional observation of the same sort has a fifty- 
fifty chance of falling within the limits thus defined. A statement of this prob¬ 
able error is generally included in the report on any measurement. The theory 
of errors shows that the magnitude of the probable error of the mean varies 
inversely as the square root of the number of observations made. Thus the 
probable errors for four, nine, sixteen, and twenty-five observations are to each 
other, respectively, as 1/2, 1/3, 1/4, and 1/5. From these illustrative num¬ 
bers it IS apparent tliat the first few observations are the important ones. After, 
say, 10 observations have been taken it is more profitable to change instru¬ 
ments or observers than to take additional readings. 

Enough has been said to show how much depends on the judgment and care 
exercised by the observer. The temperature of a patient, his blood count or his 
blood pressure, cannot be obtained with the precision possible in a linear meas 
urement; there are many cases in which a large number of observations would 
hardly be warranted. But carelessness in making and recording observations 
or the toleration of a large constant error, is inexcusable. ' 

2.4. Biological Applications. The interpretation of the results obtained 
through physical measurements, even from simple counts, is quite as important 
as the methods and means used m acquiring them. In general, numerical results 
aie studied graphically, one element being plotted against another by pairs In 
1.10 ogical fields, this procedure has led to discoveries which lend theL^elves to 
matliematical descriptions to a degree hardly to be expected in a nonmathemati- 
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cal science. The laws of growth and of genetics are good examples. Also, if one 
plots the logarithm of the area of a wound against time as a variable, a straight 
line relationship is observed by which a pliysician may estimate the time re¬ 
quired for the wound to heal, and against which the actual healing process can 
be checked. The apparent loudness of a sound is found to vary as the cube of its 
intensity at high levels but as only the first power of its intensity at low levels. 
The laws of fatigue, the dependence of growth on temperature, and many corre¬ 
lations of importance, grew out of physical measurements followed by mathe¬ 
matical analyses. 


Problems and Exercises 

1. A student, in checking a watch he had used in an experiment, found that it gained 
50 sec per day. What percentage of error did this introduce in the time observa¬ 
tions? If a certain time interval was recorded as 40 min, what was the true value? 
(Ans. 0.058%; 39 min, 58.61 sec) 

2. If the timepiece used in Problem 1 could be read to only the nearest tenth of a 
second, what percentage of uncertainty was on this account involved in his reading 
of 40 min? Compare the possible percentage error of this i)roblem with that involved 
in the previous problem. 

3. Accepting the relation: 1 m = 30.37 in., find the number of centimeters per inch. 
By what per cent does G in. differ from 15 cm, two distances generally found stampeil. 
each suitably subdivided, on the common pocket celluloid scale? (.4/J6'. 2.54 cm/in.; 
1 . 6 %) 

4. A student used a compound microscope provided with an eyepiece scale to measure 
the length of a large nerve cell, placed on a glass slide resting on the stage. It the cell 
covered 4 divisions of the scale in the eyepiece, and with the same adjustment one 
division of a standard scale having 5 divisions per millimeter covered S.4 divisions of 
the eyepiece scale, what was the length of the cell in millimeters, also in microns.* 
(1 micron (abbreviated n) =0.001 mm) 

5. A student used a micrometer microscope of the type shown in Hg. 2-1 to mea.sure 
the diameter of a human hair. If 2.33 turns of the micrometer screw were re<iuired to 
cover the diameter of the cell whereas 4.24 turns w(Te taken to cover a distance of 
0.1 mm on a standard scale, what was the diameter of the hair in millimeters and in 
microns? {Ans. 0.055 mm) 

6. Draw with a very fine point a quadrant of a circle directly on a page of cross- 
section paper, preferaldy having 2-mm divisions, using a radius of 3 cm. Count the 
number of small srpiares wholly enclosed within the (luadrant, and add to the number 
half the number of squares divided by the arc. Compare the area, thus ol)tained, with 
that calculated from the value of the radivis used. Assuming the latter to l)e correct, 
what was the percentage error made by using the count-method'* If convenient, hav(‘ 
another person repeat the same procedure with the same ([uadrant and compar(‘ the 
two jiercentages of error. Any inconsistency obtained is lik(‘l>’ to be typical of obs(*rva- 
tions in the laboratory by two student^ u.-ing the .«amc ai)i)aratus for the same mea>- 
urement. 

7. To sttidy the nature of accidental errors the following ex(‘rci<e is su<rge>ted. 
Draw an X-axis and a K-axis intersecting in the middle of a sheet of cro.'^-section 
jiaper. From a height of about 10 in. drop, i)oint down, a pencil aimeil at the )'-axis. 
Repeat this a hundred or more times, all from the same height, moving aloiii: the axis 
to distribute the dot' for easy counting. Plot as onlinates to a <uitab|(‘ scale the number 
of dots in each vertical column of small s<iuares. 3he curve tlm< obtaiti<‘d 'houhl give 



12 


PHYSICAL MEASUREMENTS 


a normal distribution of experimental results about the true value. Compare your curve 
with curves by others. What effect on the smoothness of the curve would result from 
(a) making a larger number of dots, and (b) dropping the pencil from a lower level, 
and (c) preceding the experiment with considerable practice? (Adapted from source 
unknown.) 


Suggested Readings 
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Tuttle, L., and Satterly, J., The Theory of Measurements (Longmans, Green & Co.) 
White, Marsh William, Experimental College Physics (McGraw-Hill Book Co., Inc., 
1940) 








Introduction to Mechanics 


Imagine that you were asked to balance in an upright position a sack of grain 
on two stilts. Assume that each stilt consists of three parts corresponding in 
lengths to the foot, lower and upper members of one’s leg, respectively, and 
that these parts are loosely hinged to each other. Suppose that you were allowed 
to use only cords and springs which you must combine and adjust so as to main¬ 
tain the balance. Let the problem be complicated further by supporting on the 
top of the sack a pumpkin by means of a stack of spools, and by assuming there 
are objects loosely hung on the side of the sack, like arms, free to move and 
shift their masses. Such a problem would baffle the most resourceful of engi¬ 
neers; yet it is scarcely as difficult as one the child can handle by the time it 
is a year old, for it is almost identical with the problem of standing. If now you 
were required further to alter the arrangement of springs, cords, and the like, 
so as to make the sack move forward on its precarious stilts, you would 
promptly give up the same problem that you had solved for your own body 
before you were old cnougli to talk. 

Yet no person could completely describe all the forces and moments involved 
in the act of standing or of walking. Simple calculations show that some of 
these forces are very large. There are many medical men who believe that the 
improper adjustment, adaptations or habits relating to these forces and me¬ 
chanical members may be responsible for many of the disturbances in health 
experienced, often quite unnecessarily, by man. The decision one makes as to 
whether he should lie, sit, stand, walk, run, or jump may be more properly ap¬ 
proached from the standpoint of psychology; but the act itself is one that can 
be explained only on the basis of the fundamental laws of mechanics. 

It must be emphasized that these laws are precisely those that are treated 
in elementary texts on physics. There are no special laws in mechanics or in any 
other branch of physics that apply only to inanimate objects. There are no 
special physical laws bestowed, whether divinely or otherwise, on living beings 
or even on mankind. If given the opportunity, man, and animals in general, 
may take advantage of certain laws but they cannot in the least create new ones 
or even suspend inconvenient ones. A man falling from an airplane would suffer 
about the same acceleration and follow the same path that the sack of grain 
mentioned above would follow under the same circumstances. In such a situation 
his so-called “force of will” or “strong character” would be of no more assist¬ 
ance than any “powerful” political affiliations he might have. 

The above discussion should make clear two points: that physical laws are 
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of fundamental importance in biological and medical fields and that physical 
laws should be studied as such, since the fact that they are applicable to both 
the inorganic and organic fields does not in any way alter their character. The 
utilization of the logical methods and the mathematics characteristic of intro¬ 
ductory courses in physics, therefore, will be just as essential in a course that 
stresses those physical laws that are of peculiar importance to man and in proc¬ 
esses having to do with living bodies. 

3.1, Vector and Scalar Quantities. Mechanical problems such as those 
mentioned in the preceding paragraphs are most conveniently studied by so- 
called vector methods. In dealing with the effect of a force exerted by a muscle, 
the direction in which it acts is quite as important as its magnitude. The direc¬ 
tion in which a car moves has just as much to do with its subsequent position 
as its speed. Quantities that imply a dependence on both magnitude and direc¬ 
tion are called vector quantities and may be conveniently represented by 



Fig. 3-1. (a) AC is the vector sum of AB and AD. (b) The vector AE is the vector 

sum of AB, BC, CD, and DE 

straight lines called vectors.* Among such quantities may be mentioned dis¬ 
placements, velocities, accelerations, forces, moments, magnetic and electric 
fields. Energy, prices, volume, and mass are examples of scalar quantities. 
While the latter can be dealt with by the ordinary methods of arithmetic, vec¬ 
tors involve the use of the principles of geometry. 

3.2. The Addition of Vector Quantities. Suppose the directed line AB of 
Fig. 3-1 (a) represents a displacement of a body to the right and AD a similar 
displacement but oblique to AB. This means that the length of AB is made 
by the use of some convenient scale, proportional to the magnitude of the dis¬ 
placement experienced by the body, and that the displacement is in direction 
from .4 to B. The choice of a scale depends mainly on the accuracy desired, and 
on the magnitudes and the nature of the quantities to be represented; for ex¬ 
ample, the scale might be 20 meters per centimeter, or 5 kilometers per centi¬ 
meter,^ 300 feet per inch. Assuming the body is now at B the second displace¬ 
ment ^C, drawn on the same scale, would bring the body to the point C, Note 
tha^^DC IS equal in direction and in magnitude to AB, and that AD is equal 
to BC. It is seen that the body would arrive at the same point C if the order of 

♦ Vectors ar^esignated m this text by placing a horizontal line over roman light-face 
letters; thus: AB. ® 
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the displacements were reversed, that is, first AD and then DC. It is obvious 
that a single displacement AC would be equivalent to the joint effect of the two, 
hence AC is called the vector sum, and represents the resultant displacement of 
the two displacements AB and AD. 

The value of AC may be found by the use of the trigonometric formula: 

AC2 = AB2 + AD2 + 2 AB AD cos ^ 

When the angle, 0, between AB and AD is 90®, this relation reduces to the 
familiar form, AC^ = AB^ + AD^. The last relation should be familiar to any 
one who has studied arithmetic or geometry. When using graphical means it is 
possible to choose any scale of values, but once a scale is chosen it must be 
strictly adhered to throughout the problem. 

This method of adding vectors is just as general as that of adding numbers 


Fig. 3-2. Vector AC is the sum of various 
combinations of vectors. AB and BC are the 
X- and the Y-components of the vector AC 



arithmetically and any number of vectors may be added together. Thus, as 
shown in Fig. 3-1 (b), the vector AE represents the sum of vectors, AB, BC, 
CD, and DE. The essential point to observe is that each vector begins at the 
terminal point of the preceding vector, and their sum is given by the vector 
joining the initial and final points of the vector diagram. The student should 
find out by actual trial whether adding the same vectors in a different order 
would lead to the same sum, AE. Certainly in arithmetic and in algebra the 
order in which the addition is carried out is immaterial. 

But it must be evident that an infinite number of other combinations might 
have the same sum, the only essential reiiuirements being that of beginning 
at the point A and ending at the point A, in the same way that an unlimited 
number of number combinations might each yield the sum of, say, 175. Con¬ 
versely, it follows at once that any vector, as AC, may be considered to be the 


sum of two or more vectors as shown in Fig. 3-2. Generally, one is interested in 


two which arc mutually perpendicular, such as AB and B(h If AB represents 


a west to east displacement, then BC represents a south to north displacement. 
By making BC iieriiendicular to AB it is seen at once that B(' contributes 
nothing in a west-east direction, and .\B nothing in the south-north direction. 
Thus each represents the entire displacement of AC in the direction concerned, 
and zero di.splacement in the direction of the other vector. AB and B(' are said 
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to be the components of the vector AC in their respective directions. As these are 
the conventional X- and the Y-directions, AB and BC repres^ the X- and 
F-components of the vector AC. For the case of a vector like AC' the X-com- 
ponent would be considered negative. 

3.3. The Addition of Concurrent Forces. If two or more forces act through 
a common point, they constitute a system of concurrent forces and may be com¬ 
bined by the vector method just outlined, since forces are vector quantities. 
The force represented by the vector sum, as AE in Fig. 3-1 (b), must produce 
the same effect in every sense as is produced jointly by the several forces that 
are included in the addition. In many cases the final point E falls on the initial 
point A, which means that the vector sum of the forces added is zero. In such 
a case the forces are said to be in equilibrium, and the problem of determining 
the magnitude and the direction of an unknown force in a group is greatly sim¬ 
plified. Consider the simple arrangement shown in Fig. 3-3 (a) by which a mass 



Fig. 3-3. (a) An arrangement for supporting a mass 
by means of a boom, (b) Diagram representing the 
direction of the forces involved in the arrangement 
of (a), (c) Vector diagram of forces 


of 60 lb is suspended at a distance of 6 ft from a vertical wall by means of a 
strut 10 ft long supported at its outer end by a horizontal wire and attached 
to the wall with a hinge. For the sake of simplicity neglect the mass of the wire 
and of the strut. Three forces act on the point P in the directions indicated in 
(b) but only the one force is known. To find the magnitudes of the unknown 
forces, one draws through the ends of the vector, OA, representing the known 
force, lines having the proper directions to represent the unknown forces as 
shown in (c). The intersection of these lines at the point B fixes the lengths of 
OB and AB. The vector triangle ABO is similar to that formed by the strut, 
wire, and wall of which the dimensions are known to be as indicated. Since 
the forces will bear tl^same ratio to each other as the sides of the vector tri¬ 
angle it follows that AB/60 lb = 10 ft/8 ft; hence the compression in the strut 

is 75 lb of force. By a similar equality of ratios the tension of the wire mav be 
calculated. (Do this) 

The dual use of such units as pounds, grams, and the like, may cause some 
confusion, especially at first. A pound of mass is a definite quantity of material. 
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while a pound of force is the weight or the gravitational force exerted on a 
pound of mass under standard conditions. Various authors have used sucli 
abbreviations as Ibwt or Ibf to distinguish the pound of force from the pound 
of mass, usually represented by lb. j\Iany find that this complication is as likely 
to confuse as to clarify. In most cases the context leaves little doubt as to 
whether mass or force is involved, and in this text the simple abbreviation lb 
will be used unless there is danger of confusion. Similarly, the simple gm will 
be used for either a gram of mass or a gram of force except when the distinc¬ 
tion needs to be indicated. 

As another illustration, suppose that a rope joining two points which are 
24 ft apart horizontally sags 5 ft wlien supporting a mass of 80 lb, as shown in 
Fig. 3-4. The tension in the rope may be determined by means of the vector 
diagram in which the directions of the ropes are the same as the directions 


I 

Fig. 3-4. Vector diagram representing ^ 
the forces involved in a stretched wire 
supporting a mass at its mid-point 


of the force vectors OA and AB. OB represents the one known force, 80 lb. The 
magnitudes of either OB or AB may be determined directly from the scale 
of the vector diagram, or determined from geometric or trigonometric considera¬ 
tions. By proportion AB/80 lb = 13/10 or AB = 104 lb. Fretiuently the angles 
between the forces arc given, in which cases it is likely to be advantageous to 
use the simple trigonometric relations pertaining to the solutions of triangles. 
3.4. The Component Method of Adding Concurrent Forces. Except in 
comparatively simple cases it is advisable to deal with the .Y- and the F-com- 
ponents of the forces rather than with the forces directly. From an inspection of 
any graphical addition of vectors or from simple reasoning, it is easily seen that 
the X-component of the vector sum must represent the sum of all the X-com- 
ponents of the forces added, likewise for the F-components. If F', F", F" 
are the forces added then it follows that 

F; + F/ + F/"+ . . . =R, 

V; + f;' + 'I'V' '+...= R„ 

where etc., represent the X-components of the vectors F', etc. Since the X- 
and the F-components of the resultant, H, form with R a right angle triangle, 
it follows that 



R2 = n/ + R^2 
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If 0 is the angle between R an^th^X-axis, the value of d can be obtained 
directly from the relation tan 0 = _ _ 

In case the forces are in equilibrium, R and, therefore, R_,, and Ry, have zero 
values and the pair of equations for R^ and Ry given above offer a simple means 
of getting the X- and the y-components of some one unknown force in the 
group. 


Problems 

1. Find the vector sum of the following concurrent forces: 10 lb eastward, 12 lb 
northward, 15 lb southward, 20 lb westward, first graphically, then by calculation. 
(Ans. 10.4 lb; 16®42' south of west) 

2. Find by the method of adding the X- and the F-components the resultant of the 
following forces: 10 lb eastward, 16 lb northward, 20 lb-at an angle 30° west of north, 
6 lb westward, and 8 lb southward. Find the tangent of the angle between the X-axis 
and the resultant. 

3. An electrically charged sphere is near several other charged objects which exert 
forces on it as follows: 16 dynes in the direction of the X-axis, 8 dynes at an angle of 
30® counterclockwise with that axis, 12 dynes at 90®, 4 dynes at 135°, and 9 dynes at 
180°. Find the X- and the K-components of the resultant force R, and $. {Ans. 11.1 
dynes; 18.83 dynes; 21.8 dynes; 59°30') 

4. A street lamp weighing 25 lb is suspended from the end of a horizontal 12-ft pipe 
which is supported at its other end by a post. The outer end is held by an oblique 
cable running to a point on the post 5 ft above the pipe. Find the tension in the wire 
and the horizontal force on the pipe, neglecting the weight of the latter. 

5. A 60-lb street sign is suspended from the outer end of a 10-ft beam which pro¬ 
jects upward and outward from a wall, the outer end being supported by a horizontal 
wire which joins it to a hook 6 ft above the point which carries the beam. Find the 
tension in the wire and the compressional force on the beam, neglecting the weight of 
the beam. 80 lb; 100 Ib) 

6. A man hanging a picture weighing 20 lb is uncertain whether to have the wires 
make an angle of 90° with each other at the nail, or 60®. How much difference, if any, 
would it make in the tension in the wire, and the force on the supporting nail? 

7. A sphere weighing 40 gm is suspended by a 100-cm cord and pidled to one side 

by a horizontal force until it is 30 cm from the vertical line through the point of sup- 

l^ort. Find the tension in the suspension cord; also the horizontal force (A «5 42 cm- 
12.6 gm) V ■ 6 - 

8. An acrobat weighing 150 Ib supports himself beneath a horizontal ladder by means 
of his arms. Find the tension on each arm if it makes an angle of 60® with the ladder. 

9. A wire between two nails, A and B, carries at 50-lb mass so placed that the wire 

makes angles of 45 and 60° with AB at the nails A and B. Assuming AB is horizontal, 

find the tension in each of the two parts of the wire. The use of a trigonometric method 
is advised. (Ans. 25.9 lb at A, 36 Ib at B) 

center in a football line has his legs spread with each making an angle of 20° 
with the vertical. If the mass of the body above the hips is 150 Ib, what is the stress 
on each femur due to this mass alone? What effect would anv muscular tension across 
the hip joint have on the total force on the head of the femur? 

11. A 150-lb tight-rope walker in a circus is on a cable stretched between points at 

the same level but 24 ft apart. If the rope can sustain a tension of but 195 lb what is 
the shortest rope that can be used? {Ans. 26 ft) 

12 A student applied a horizontal force of 600 gm to a mass of 1 kg suspended by a 
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cord 50 cm long. What angle did the cord make with the vertical and what was the 
resulting tension in the cord? What change, if any, in your solution would be made if 
a 60-cm, or a 40-cm cord were used? 

13. Two boys, A and B, of unequal height, carry a pail of sand weighing 72 lb be¬ 
tween them. If A’s arm makes an angle of 45® and S’s an angle of 30® with the ver¬ 
tical, find the tension on each of the arms due to this pail. Must one assume that their 
hands are together on the handle or may each grasp it at any convenient point? 
{Ans. = 37.2 lb; Fa = 52.7 lb) 



4 

Moments of Forces 


4.1. Moments o£ Forces. It has been stated that for concurrent forces the 
necessary condition for equilibrium is that the vector sum of the forces be zero. 
This condition is equally essential in the case of nonconcurrent forces, but with 
the latter an additional condition is of equal importance. For example, the 
application of an upward force of 150 gm to a meter stick having a mass of 
150 gm will not produce equilibrium unless that force passes through a par¬ 
ticular point known as the center of gravity of the stick. For any other line of 
action the forces would tend to produce rotation about some axis, even though 



Fig. 4-1. Representation of the moments of two 
forces about a point, 0, in their resultant as an 

axis (Adapted) 


the sum of the two forces is zero. The magnitude of the tendency to rotate de¬ 
pends on certain factors which may be determined conveniently by a geometric 
approach to the problem. For the sake of simplicity only forces in the same 
plane will be treated. 

If one considers the case of two nonparallel forces there are two possibilities: 
the axis of any rotation might be on their resultant, or off the resultant. To treat 
the first case, suppose P and Q are two forces applied to a body, R their re¬ 
sultant, and 0 is anij point lying on the line of action of R, as shown in Fig. 4-1. 
ttfiiatever the value of R there would be no tendency to rotate the body about 
the point 0. This means that the joint effect of P and Q, also, would produce no 
rotation. It is not necessary even to imagine that in a practical case the forces 
are actually applied at a common point .4, for any force may be treated as 
though applied at any point along its line of action. Wherever it is applied 
Its Z- and y-values, as well as its perpendicular distance from any axis must 
be the same. In the present case, each force is represented by a vector originatine 
at the point A. Let p and q be the perpendiculars drawn from 0 to the lines of 
action of P and of Q, respectively, and let the geometrical figure be completed 
as shown. B and D are equally distant from AC (Why?); hence A.4DO and 
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AABO are equal since they have a common base, AO, and equal altitudes. If 
one now considers AD and AB as the bases of these triangles, it follows: 

P X p/2 = Q X q/2 or Pp = Qq 

It is easy to see that the force Q acting alone would produce a clockwise rotation 
of the body about the axis 0, while the force P would produce a rotation in the 
opposite sense. But the net effect of P and Q is to produce no rotation. When 
such is the case, it is seen that the product of one of the forces by the perpen¬ 
dicular distance of that force from the axis is equal to the similar product for 
the other force. Such a product is known as the moment of the force about the 
axis taken, and fixes the magnitude of the rotational effect of the force about 
that axis. Those moments which tend to produce counterclockwise rotation are 
generally taken as positive, those in the clockwise direction as negative. 

Another possibility might be represented as in Fig. 4-2. Let 0 be the axis 
chosen, and DOC a straight line parallel to P, The perpendicular distances of 


Fig. 4-2. Representation of the moments of two 
forces and their resultant about an axis between 
them but not on the resultant (Adapted) 



0 from the forces P, Q, and their resultant, 7?, are represented by the lines 
p, q, and r. The lines AB and AD have the directions of the forces P and Q, and 
their vector sum, AC, that of the resultant. Since by geometry these lines are 
proportional to the given forces, they may be used as vectors on a different scale. 
By inspection it is seen that AABC = AADO -f AAOC. Hence AABC — 
AADO = AAOC. Let AB, AD, and AC be taken as the bases oi these triangles. 
Their areas are proportional to the products of these vectors by the altitudes of 
the triangles, which are identical with the perpendicular distances of 0 from 
these bases. From this it follows: 

Pp ~ Qq = Rr 

Thus it is seen that the moment of the resultant about the axis is equal to the 
algebraic sum of the moments of the individual forces included in the resultant. 
From this it follows: 


Pp - Qq - Rr~0 

Hence it is seen that a force equal but opposite to R would be in rotational 
equilibrium with P and Q. By a similar proof the same truth can be demon¬ 
strated for an axis which is not wdthin the angle DAB. 

It has been shown that the moment of the resultant of P and Q about the 
axis is equal to the sum of the moments of P and Q taken about the same axis. 
This same conclusion might have been reached by a direct argument: when a 
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body is not in rotation about one axis it cannot be in rotation about any axis, 
therefore when forces are in equilibrium about one axis they must at the 
same time be in equilibrium about all axes. This general truth is of great con¬ 
venience in the solution of any problem, for it means that one is free to select 
any point whatever as an axis, and this may greatly simplify the matter. In 
every case of equilibrium, the algebraic sum of the moments is zero about any 

point. 

These cases are illustrations of a very general and important principle 
that the resultant of two or more forces not only has a component in any 
direction equal to the sum of the components of the separate forces in the same 
direction, but also the same moment about any axis. In other words, a resultant 
is equivalent in every sense to the sum of all the separate forces represented by 


Fig. 4-3. (a) Moments of parallel forces having the same direc¬ 
tion, about an axis lying on their resultant, (b) Moments of 
parallel forces in opposite directions about a point lying on 

their resultant 


(a) 

the resultant. These general principles enable one to treat certain special cases 
directly and very briefly. 

4.2. The Resultant of Two Parallel Forces. Let P and Q be any two 
parallel forces acting in the same direction and AB any line perpendicular to 
these forces, as indicated in Fig. 4-3(a). Let an axis 0 be chosen at such a 
point that 

Pp - Qq or Pp - Qq-0 

Since the sum of the moments about 0 of P and Q is zero, the moment of their 
resultant, R, also must be zero about this axis and, therefore, must pass through 
the point 0. Since neither P nor Q has any component parallel to AB, then R 
can have none; from which it follows that R is parallel to P and Q and that 

P = P + Q. 

The case in which P and Q are parallel but opposite in direction, as shown in 
Fig. 4-3(b), is especially interesting. Again the location of R can be determined 
by finding such a point 0 that the moment of P is exactly equal and opposite 
that of Q. 0 cannot be between P and Q, since for such an axis the two moments, 
both being clockwise, would have like signs. If P is larger than Q, it must be 
closer to 0 than Q, since Pp must be equal in magnitude to Qq. Hence the 
point 0 must have the location indicated and must be fixed by the relation 
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Pp — Qg = 0. It follows that R must pass through 0 and must have a magni¬ 
tude equal to P — Q in order to satisfy the first condition of equilibrium. 

Although the above arguments have been concerned mainly with two forces 
they can be extended to any number since, whatever the number, it can be 
reduced one by one through combining two forces at a time. This process may 
be continued until the number has been reduced to two, the number covered by 
the discussions given. 

4.3. Special Cases of Equilibrium and Applications, (1) If two forces are 
in equilibrium they miLst be equal in magnitude, opposite in direction, and must 
lie in the same line. When such forces do not lie in the same straight line they 
constitute a couple. They satisfy the first condition of equilibrium since their 
components in any direction have a sum equal to zero. The sum of their 
moments cannot be zero about any point. (Why?) 

For any axis lying in one of the lines of action this 
sum must be equal to Pp where P is the magnitude 
of either force and p the perpendicular distance be¬ 
tween them, as shown in Fig. 4-4. It is interesting to 
note that the sum of the moments about any other 
axis, as 0, is also Pp, as may be seen by an examina¬ 
tion of Fig. 4-4 and from the following equation: 



Sum of moments, ilf = P(p + d) —Pd = Pp 


Fig. 4-4. Example of a 
counterclockwise couple, 
Qq (positive), and of a 
clockwise couple, Pp (neg¬ 
ative) 


With such a couple, equilibrium can be established 
only by the addition of a second couple having a con¬ 
trary moment of the same magnitude. The added 
couple need not be made up of forces parallel to those of the first couple, since 
the sum of their components in any direction is zero; nor do they need to be the 
same distance apart, for the only requirement is that they supply a moment, 
Qq, which is equal in magnitude but opposite in sign to Pp. Such a combina¬ 
tion of couples is shown in Fig. 4-4. The couple required to remove a screw 
does not depend on the diameter of the screwdriver handle, but the force 
does. 

The steering of an automobile furnishes an illustration of an application of a 
couple provided the two hands of the driver exert equal tangential forces to the 
steering wheel. Such an arrangement offers the most economical one with respect 
to forces, since whatever combination of forces is used they must supply tlie 
necessary moment for steering. Any excess of one force over tlie other results 
in a shove on the wheel and contributes nothing to the guidance of the car. 
(Explain whether such a force might contribute something to the motion 
forward of the car.) When the forearm, by twisting, causes the hand to be 
turned without being moved in any direction one can be sure that a couple is 
in action and the muscles responsible for the couple in such cases may be located 
by the dissection of bodies. Other examples are furnished by the muscles which 
rotate the head, the eyeball, the feet, and even the body as a whole. 
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(2) If three forces are in equilibrium they must lie in the same plane and 
he either parallel or concurrent. From any point in the line of action of one of 
the forces a straight line might be drawn to any point in the line of one of the 
other forces. About this line the two forces have zero moment arms, hence the 
moment of the third force also must be zero about all such lines. This is possible 
only if the forces are all in the same plane. If any two of the forces are not 
parallel they must meet and at their intersection their resultant may be drawn. 
This and the third force now constitute a two-force system in equilibrium 
and, therefore, lie in the same straight line. From this it follows that the third 
force passes through the point of intersection of the first two. 

This case is of frequent occurrence in the human body. When, for example, 
one lifts a mass with the hand the forearm is acted upon by the force due to 
the weight, that due to the lifting muscle, and that due to the reaction of the 
joint. These forces are indicated in Fig. 4-7. The line of action of gravity on 
the mass is vertical and passes through the center of gravity of the mass, and 
that due to the muscle can be approximately determined. From the law here 
discussed it follows that the reaction force at the joint must pass through the 
point of intersection of the other two forces (neglecting the weight of the 
forearm). This fixes its direction which otherwise scarcely could be determined. 
It is apparent at once that the point of intersection of these forces, hence the 
angle between them and also their magnitudes, will depend on the position of 
the arm and on the bend at the elbow; only the one due to gravity remains con¬ 
stant in magnitude and in direction. An important difference between skilled 
and unskilled workers lies in the superior ability of the former to manipulate 
their bodies or available machines so as to utilize the forces available most 
efficiently. To illustrate: any mass carried directly or indirectly by the shoulders 
will require the smallest shoulder force when the vertical line passing through 
the center of gravity of the mass passes nearest to the shoulder joint. Improper 
body posture may involve unnatural joint reactions which have magnitudes 
and directions for which nature has not prepared the body and easily may 
lead to an impairment of its appearance and most likely of its health Foot 

troubles are generally attributable to unnatural forces resulting from iraproner 
posture or from faulty shoes. ^ ^ 


As long as the reaction at a joint falls within its cup all is likely to go well- 
but .f the resultant force at the joint is suddenly changed through the addition 
of a new force m such a way that this resultant falls outside the cup then 
dislocations may result. The shoulder cup is shallow in order to permit move¬ 
ments of the arm through wide angles. This means, however, that the shoulder 

rlleper ®°<=ket is 


4.4. Some Applications of Mechanics to the Human Body. Most simple 
machines have their counterparts in the human body; for example each Mthe 
different classes of levers. The head balanced on the atlas is an e’xample of a 
tr of the first class, as is also the bodv balanced on the hip joint; for^in each 
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case the fulcrum, 0, is between the two forces. The first example is shown in 
Fig. 4-5 along with a conventional diagram of a lever of the first class. Rising 
m tiptoes furnishes an example of the second class, in which the load is be¬ 
tween the force and the fulcrum, for the gastrocnemius muscle supplies the 



Fig. 4-5. Moments involved in 
maintaining the normal posi¬ 
tion of the head 



Fig. 4-6. Representation 
of the moments involved 
when one stands on tiptoe 


force, the tibia carries the load, and the base of the metatarsals acts as a 
fulci-um. This case, along with its conventional analog, is shown in Fig. 4-6. 
Here the force involved may be several times the weight of the body. The 
longer the calcaneura (heel bone) the less the force required, for the ratio of 
the force to the weight of the body is the ratio of the distances b to a. Europeans 
have short heel bones, so they must have well devel¬ 
oped calves. In Africans these bones are generally 
longer and their calves less pronounced. Analogous 
variations among individuals of any race or in any 
group of persons may be observed. 

The arm lifting a mass in the manner shown in 
Figs. 4r-7 offers an example of a lever of the third 
class. The distance of the attachment of the brachial 
muscle near the elbow is only a small fraction of 
the length of the forearm. (Try to estimate it 
for your own forearm.) This necessitates large mus¬ 
cular forces, but favors high speeds for the hands. 

In man the forearm is shorter than, or equal to, the 
upper arm; in the anthropoid ape the former is twice 
the latter. This gives the ape a quicker reach and 
also an advantage in lifting the body by the con- 
traction of the anterior brachial muscle. The mechanical advantage, that is 
the ratio of the resisting force, W, to the acting force, F, in any case varies 
with the angle and is greatest when the muscle acts at right angles to the 
moving bone. A calculation of the forces which may be exerted by brachial 
muscles may be made by observing the maximum mass that may be lifted m 
the hand, estimating the distances involved, and finally making the necessary 

computations. 



Fig. 4-7. Representation 
of the forces and the mo¬ 
ments involved when an 
arm in the position shown 
lifts a mass 
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An explanation of one difficulty in setting broken arms or adjusting dislocated 
arms is made obvious from the results of such calculations. Unless anesthetics 
are employed amazingly large forces arc required. The reader should compare 
shoulder and hip joints further with reference to lever arms, range and strength, 
considering first his own body and then studying any diagrams of skeletons or 
such physiological charts as may be at hand. 

The foot offers an excellent example of a shock absorber. Here not only the 
arch form but the foot muscles and the tendons supporting the foot together 
function in a manner to prevent jars reaching the more vital parts of the body. 
The spinal column is equally well adapted to the same purpose; it softens the 
many jars that reach the brain from the feet. 

The pulley principle is utilized in many parts of the body. The tendons pass 
through synovial sheathes, and the enlargements at the joints keep the lines of 
action of the muscle forces away from the axes of rotation and thus give them 
greater moments. In the case of the knee the tendon is held well out of the joint 
by the patella. The tendon of the superior oblique muscle on the way to the eye 
ball, the tendons of the finger, and particularly the tendons of the foot, which 
pass by the side of the heel to act on the under side of the foot, all involve es¬ 
sentially the pulley principle. 

All muscles attached to levers are set in opposing pairs called opponents or 
antagonistic groups. When one of a pair contracts, its opponent relaxes and, in 
general, they must remain balanced. The applications of forces are not usually 
simple, for as one muscle acts numerous others, called synergists, are brought 
into play. Their action, while secondary, is vitally important to the primary 
action. As examples, consider the synergists involved when the hand holds a 
weight above the head, or pulls a drawer out with the finger, or writes. 

4.5. The Solution of Problems in Statics. The concept of center of gravity 
is of great use in the solution of problems in which the gravitational force act¬ 
ing on the body is concerned. It is that point at which the entire force on the 
body may be considered as concentrated and is often referred to as the center 
of mass. If a body is supported by a single cable or pivot the line of action 
of the support passes through the center of gravity whatever the orientation of 
the body. The center of gravity of a rigid body is a fixed point, but that of a 
flexible object, like the human body, is quite otherwise. It may fall within the 
abdomen, in front of it, or behind it, depending on the posture of the body. 
Whatever its location the entire weight of the body may be treated as a single 
force passing through that point. 

Any problem in which there is a balance of forces, hence no tendency 
toward an acceleration (see Chapter 10) in either translation or rotation, is 
said to be a problem in statics. In case only three forces are involved they must 
be parallel or concurrent. If parallel the solution may be obtained directly by 
taking the sum of the moments about any convenient axis as zero. If concurrent 
the problem may be solved by the method of moments, by a trigonometrical or 
^ geometrical Jittsck. It is irnport&nt to **isolste^^ the body since forces htive 
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double effects. A muscle cannot pull up on the forearm without pulling down at 
its upper end on the upper arm or the shoulder. If one is dealing with the forces 
acting on the forearm he must consider only those forces that do act on the 
forearm, carefully avoiding any of the forces which the muscles may bring into 
play at their other ends. The force exerted by the humerus at the elbow on 
the forearm is to be considered, but not the reaction of the forearm on the 
humerus. Consider the forces involved in pulling a nail from a board by means 
of a claw hammer. If one is interested in the forces acting on the hammer he 
must consider those due to the hand, the board, and the nail, but must ignore 
the oppositely directed forces exerted by the hammer against the board, the 

hand, and the nail. To confuse the two aspects is 
to fail in the solution of the force problem. 

To illustrate the various methods of attack 
on problems in statics, consider the forces in¬ 
volved in the case of a street lamp weighing 
60 lb suspended from the end of a pipe 12 ft 
long, one end of the pipe being hinged to the 
post and the other held up by a wire running 
to a point on the post 9 ft above the hinged 
end of the pipe, as shown in Fig. 4-8. Assume 
first that the mass of the pipe may be neglected. 

Consider the pipe as an isolated body and ob¬ 
serve that it is acted upon by three nonparallel 
forces of which the directions are indicated by 
the arrows at A and B. Construct a vector dia¬ 
gram on a vector representing the one known force of 60 lb in such a way that 

the horizontal and the oblique forces, P and T, respectively, have their proper 
directions. Their intersection at E fixes the lengths of the vectors representing 
P and T. The magnitudes of the vectors may be obtained by measurement, 

or by proportion since 

r/60 lb = 15 ft/9 ft or r = 100 lb 

Similarly, 

P/60 lb = 12 ft/9 ft or P = 80 lb 

Using the method of moments one might conveniently take C as the axis. 
The moments of the other two must balance, hence P X 9 ft = 60 lb X 12 ft or, 
P = 80 lb. The length AD can be obtained by proportion since AD/Q ft = 
12 ft/15 ft or AD = 7.2 ft. Now taking A as the axis, T x 7.2 ft = 60 lb X 
12 ft or T = 100 lb. For a simple problem of this type one of these methods is 
about as good as another; but if one were required to allow for the weight of 
the pipe the method of moments takes on a decided advantage, for one must 
now consider four forces. Two of these are parallel, hence it is no longer a 
case of concurrent forces. But the method of moments, free of any limitation 



Fig. 4-8. Illustrating the mo¬ 
ments acting on a beam sup¬ 
porting a mass and a vector 
diagram of the forces involved 
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of this sort, may be used directly. Assume the pipe weighs 30 lb. Since its center 
of gravity is 6 ft from the post, the following relation holds: 

T X 7.2 ft = 60 lb X 12 ft + 30 lb X 6 ft or T= 125 lb * 

The force at A is now made up of a vertical component of 15 lb or half the 
weight of the pipe and a horizontal thrust, say H. If one selects C as the axis 
this vertical force has no moment since it passes through the axis, hence the 

equation of moments is 

X 9 ft = 30 lb X 6 ft + 60 lb X 12 ft or H = 100 lb 

The resultant force at A may now be calculated and is -v/lOO^TT^ or 
101 + lb. Its line of action makes an angle of 0 with the pipe, where B is defined 
by the relation: tan 0= 15/100 and is found from t!ie trigonometrical tables 

to be 8^32'. 

The method of moments offers an easy solution of the problem of finding the 
tension in the wire represented in Fig. 3-4. The equation of moments about an 
axis at the lower pin is 

r X 8 ft = 60 lb X 6 ft or T = 45 lb 

In dealing with problems of the type illustrated above, it is suggested that 
one should: 

(1) Isolate the body to be considered and make a diagram representing the 
forces in approximate direction and magnitude, all with respect to the isolated 
body. 

(2) If the forces are concurrent draw a force polygon representing the forces 
on a convenient scale. 

(3) Find the value of the forces, using graphical means, the method of com¬ 
ponents, or the method of moments. The method selected will depend on the 
nature of the problem and of the numerical data at hand. 

(4) If the method of moments is employed and more than one force is un¬ 
known, choose an axis lying on one of the unknown forces in order to determine 
the other unknown, subsequently shifting the axis off the remaining unknown. 

(5) Secure a great deal of practice in the solution of problems; in no other 
way can one build up self-confidence and ability in grasping new relations. 

4.6. Problems Based on the Human Body. The general principles pertain¬ 
ing to the solution of problems in mechanics apply quite as well to problems 
having to do with the mechanics of the human body. The solutions of such 
problems often reveal unexpected magnitudes. Suppose, for example, a man 
weighing 190 lb tiptoes on one foot. If the lever arm of the tendon lifting the 

* After the student becomes familiar with such steps he may safely use the simpler 
numerical form / .2 T = 60 X 12 + 30 X 6. In the meantime he is advised to use the expanded 
form. Note that each term in the equation is a lb X ft product, that is, a moment. The 
student should habitually check his equations to see that all terms are in precisely the same 
units, whatever the subject. 
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heel is 2 in. and that of the ball of the foot is 4.2 in., both with respect to the 
axis of the ankle joint, the force in this joint readily may be calculated. Using 
the axis of this joint as a fulcrum the equation of moments is: 190 lb X 4.2 in. = 
T X 2 in., where T is the force required of the tendon. By solving, it is found 
that T = 399 lb. Since the total force downward on the foot must equal the sum 
of the forces up, it follows that the force that must be sustained by the joint is 
399 lb + 190 lb = 589 lb. This force rises to far greater values when one is 
jumping or running and accelerations become involved, as will be seen later, and 
in extreme cases may cause a fracture or other serious injury. 

Consider also the two men sketched in Fig, 4--9. Assume the mass of the 
body, in (a), supported by the vertebra alone is 110 lb and the center of gravity 
is 3 in. in front of the axis of the fifth lumbar 
vertebra, assumed to be the fulcrum. If the mus¬ 
cles of the back which produce the balancing mo¬ 
ment about the same axis have an effective lever 
arm of 2 in., they must exert a tension of (110 lb 
X 3 in.)/2 in. = 165 lb. The total force supported 
by this vertebra must be, therefore, 110 lb + 

165 lb = 275 lb, or far more than the entire 
weight of the man. In the case of the obese man, 
in (b), the added mass is largely in front so 
that the center of mass now has a lever arm of 
perhaps 6 in. If the mass supported by the verte¬ 
bra is 200 lb and the lever arm of the muscles Representation of 

of tlie back is 2.5 in., the tension on the latter is 

1 . ^ ^ 1 . rr,. , . , mg the boav erect m the case 

(200 lb X 6 in.)/2.5 in. — 480 lb. The total force ^ nonyiaj nian, and (b) 

on the vertebra is in this case 480 lb + 200 lb or of an obese man 

680 lb. It is little wonder that life insurance com¬ 
panies hesitate to accept overweight men as risks. Note also that the muscles 
of the hip must grow large to match the moment of the heavy body about the 
hip joint, and the man must walk in an unnatural leaning-back manner in 
order to keep his center of gravity over his feet. Again it is evident that the 
matter of posture has an important bearing on the health as well as on the ap¬ 
pearance of an individual, a matter fully appreciated by those in charge of 
armed services. 

If one stoops to pick up a mass there is a very large shift of the center of 
mass forward and a consequent increase in the compressional force on the 
vertebra, as may be readily understood from a study of Fig. 4r-10(a). Strait and 
others (see Suggested Readings) published a detailed study of such a problem. 
The compressional force in the “small of the back” may amount to well over 
800 lb when a mass of only 40 lb is picked up. It is little wonder that this part 
of the back is most subject to back pains. Those who marvel at the ability of 
Indians and laborers in the far East to carry heavy loads might more wisely 
consider their skill in arranging their load so that its center of gravity falls near 
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to the axis of the fifth lumbar vertebra, even though they are guided by experi¬ 
ence rather than by understanding. 

Equally surprising is the magnitude of the tension in the deltoid muscle and 
the reaction in the shoulder joint, reported by the same article. (See Fig. 
4-10(b).) These may amount to about 300 lb when the arm is horizontal and 
the hand supports a mass of 10 lb, and well over 100 lb even with no load in the 
hand. The considerable magnitude of these forces is a result of the very short 




Fig. 4-10. Representing moments of forces about various fulcrums (a) in a body lifting 
a mass in the position shown, and (b) in the shoulder and in the elbow of an arm 

lifting a mass (Adapted) 

lever arm of the muscle. They present a serious problem to one suffering from 
arthritis in the shoulder. The student would find it interesting to formulate and 
to solve problems based on measurements made on his own body. 

Problems 

1. A certain loaded automobile has a gross weight of 4000 lb and a wheel base of 
120. in. How far is the center of gravity from the rear axles if the front wheels carry 
900 lb each? {Ans. 54 in.) 

2. A man carries a uniform pole 12 ft long and weighing 40 lb over his shoulder 
which is 4 ft from one end of the pole. With what force does he have to pull vertically 
down with his hands if they are 2 ft from the same end, and with what force does the 
shoulder lift up on the pole? Where should the pole be placed to involve the least force 
on the shoulder? Would the load carried by his feet also depend on the position of the 
pole? 

3. A mass of 42 lb is held in the hand, the forearm being horizontal, as shown in 
Fig. 4-7. If the mass is 35 cm from the elbow joint and the tendon passes within 3 cm 
from the axis at the elbow, what is the tension on the tendon? Make an enlarged copy 
of Fig. 4-7 and indicate the direction and determine the magnitude of the reaction at 
the joint. (Ahs. 350 lb) 

4. When a man weighing 200 lb stands on one foot, what must be the tension on the 
tendon when he raises himself to tiptoe, assuming a = 5 cm and 6 = 13 cm in Fig. 4-6. 
Find also the compressional force at the ankle joint. 

5. A 150-ib pati nt sitting on a hospital bed is in such a position that his center of 
gravity may be takei* >s 30 in. from the head and 10 in. from one edge of the bed. 
If the bed is 80 X 40 i.i. find the weight sustained by the bed leg nearest the patient. 
(Hint: Solve this problem in two stages.) (Ans. 75 lb) 
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6. Three people in a 7-ft hospital elevator have weights and distances from the left 
side, respectively, as follows: 150 lb at 2 ft, 180 lb at 3 ft, and 200 lb at X ft. If their 
combined center of gravity is on the middle line of the elevator, find X. 

7. A nurse weighing 130 lb sits at the mid-point of a hammock 10 ft long. If the 
hammock sags 2 ft below the points of support, find the tension on one of the supports. 
{Ans, 162.5 lb) 

8. Solve Problem 3 except that the forearm is elevated to 45®. Assume this increased 
the tendon-axis distance to 4.6 cm. 

9. A janitor attempts to open a 4 X 7-ft basement door weighing 100 lb. If the plane 
of the door is that of the floor and he lifts at one of the long edges, how much force 
must he exert initially and when the door is raised 60® if his force is always (1) at 
right angles to the door, and (2) vertical? {Ans. (1) 50 lb, 25 lb; (2) 50 lb vertically 
for all angles) 

10. A 13-ft ladder leans against a smooth vertical wall and rests on rough ground 
at a distance of 5 ft from the foot of the wall. A 160-lb man stands on the ladder at a 
point 10 ft from its foot. If the ladder weighs 40 lb and its center of gravity is 6 ft 
from the lower end, find (1) the pressure against the wall, (2) the vertical and hori¬ 
zontal components of the force at the ground, and finally (3) their resultant force and 
its angle. 

11. A druggist’s street sign weighs 80 lb and is suspended from the outer end of a 
6-ft horizontal pipe. If one end of the pipe is hinged to the wall, and the other end 
is supported by a wire 7.5 ft long and joins that end to a hook in the wall directly 
above the pipe, find the tension on the wire (1) neglecting the weight of the pipe, and 
(2) assuming it weighs 15 Ib. (A«s. 133 lb; 146 lb) 

12. A 15-ft uniform beam weighing 160 lb leans against a fence 8 ft high, resting on 
a smooth, horizontal iron pipe which forms the top of the fence. The foot of the beam 
rests on the ground 6 ft from the fence. Make a diagram of the arrangement and indi¬ 
cate the direction and magnitude of the force exerted by the pipe on the beam. Find 
also the vertical and the horizontal force exerted by the ground on the beam. 

13. A 20-ft boom of a derrick makes an angle of 60° with the ground and it supports 
a mass of 1200 lb at its upper end, which is held by a horizontal cable running to 
the main mast. Neglecting the mass of the boom, calculate the tension of the cable 
and the compression in the boom using (a) a vector force triangle, and (b) the methoti 
of moments. (Ans. Tension, 693 lb; compression, 1385 lb) 

14. A boy, unwisely, cracks a nut by placing it between his molars. If the effective 
lever of the arm of the acting muscle (masseter) is 1.6 in. and that of the nut 2.2 in., 
what was the muscular force exerted if the nut required a crushing force of 32 lb? 
What force would have been required had he used his front teeth which involve a 
lever arm of 3.0 in.? 

15. Measure as carefully as possible your own lever arms (or those of a friend) cor¬ 
responding to those mentioned in Problem 14. Assuming that each of your masseter 
muscles is able to exert a force up to 66 lb find your maximum “biting force,” also 
your maximum “chewing force.” If one is available, try making similar measurements 
on a dog. Where does a dog place a bone he wishes to crush? 

16. Indians and many other natives carry their babies, and loads in general, on 
their backs, while so-called civilized peoples generally carry them in front, leaning their 
bodies backward to keep the center of gravity over their feet. Which of the groups of 
people employs the better technique judged on the basis of physical principles? Ex¬ 
plain. 

17. Suppose that the man shown in Fig. 4-9 (b) is carrying 30 lb of exce.-sive mass 
of which the lever arm about the effective fulcrum of his back is 6.6 in. while that of 
his back muscles is 2.2 in. Compute the extra force exerted by these muscles, and the 
extra compression on the vertebra, due to this mass. {Ans. 90 lb; 120 lb) 
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Elastic Properties and Strength of Solids 


A body which has the same properties at all points is said to be homogeneous. 
Glass, wood, stone, and many crystals are homogeneous—or nearly so. If the 
properties at any point are the same in all directions, in other words if there 
is no “grain” structure, the body is said to be isotropic. While glass, liquids, 
waxes, and gases are likely to be either isotropic or nearly so, drawn metals, 
crystals, wood, bones, and muscles are distinctly anisotropic. Their response 
to the action of forces, their transmission of heat, light, and even electricity 
depend very materially on the direction of the application or of the propagation. 

5.1. Elasticity. Forces applied to solid bodies may cause distortions such 
as twists, compressions, stretches, and shearings; but, whatever the distortions, 
the bodies tend to resume their original forms when the forces are removed. 
Their tendency to recover from distortion is known as elasticity and is a most 
important property in the cases, for examples, of solids used in cables, auto¬ 
mobiles and steel structures, as well as of the bones, arteries, tendons, and other 
parts of the bodies of animals, and of the tissues of plants. Hard brass, steel, 
quartz, and the like, are elastic substances; but lead, putty, and other such 
substances are quite inelastic. 

5.2. Strain. A distortion, of any nature whatsoever, produced by a force is 
known as a strain. Strains which involve a change of shape only are called 
shears, while those affecting volume, as in the cases of bodies subjected to pres¬ 
sures only, are known as volume strains. Such strains are homogeneous; but 
those relating to bends or twists may affect some parts of a body more than 
others or even in a different sense. Thus when a straight bone or stick is bent, 
that portion which becomes the convex side is stretched, while the opposite 
side is compressed, and there is a median region or neutral zone which is com¬ 
paratively unaffected. In the case of a twist of a bone or rod the outer portion 
suffers the greatest distortion. In fact the axial portion is affected comparatively 
little—so little that in the economy of nature the material is omitted, for there 
are few bones without inside cavities. In general, the strain of the body is 
measured by the distortion of a unit cube or a unit length. 

5.3. Stress. Assuming equilibrium conditions, any force applied, for example, 
to the end of a wire must be balanced by an equal and opposite force due to the 
extra internal forces brought into play as a result of the strain produced by the 
force. In fact the wire will not cease to stretch until the elastic force developed 
does match that which is applied. A wire unable to supply an equal force must 
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break. Such a force must be thought of as existing across any and every cross- 
section of the wire. 

A body subjected to a force is said to be under stress. The magnitude of 
the stress at a point is defined as the force per unit area of a cross-section at 
that point. The stress would be uniform over a cross-section of a stretched wire, 

but not in the cases of bent or twisted bodies. 

Hooke’s law, announced in 1676, states that the strain is proportional to 

the stress producing it, and the law is found to be valid for all types of strains, 


Fig. 5-1. Illustrating the distortions in a cube of material sub¬ 
jected to contrary parallel shearing stresses 


as long as the applied forces are not sufficiently large to produce a permanent 
set in the body. The largest stress which can be withstood without leading to 
such a permanent deformation is taken as a measure of its limit of elasticity. 
These limits vary widely witli the nature of the substance—for rubber this 
value is small, for steel, glass, and quartz, very large. The ratio of the stress 
to the resulting strain offers a convenient numerical measure of the elasticity 
of a body. This ratio is known as the modulus of elasticity and is variously 
expressed, depending on the type of deformation involved. When an applied 
pressure change, p, causes a change of v in a total volume, V, of a body the 
change per unit volume is v/V. The volume or bulk modulus is defined as the 

p V 

ratio of p to the change per unit volume, or k = = p — - 

The modulus of rigidity may be best understood by reference to Fig. 5-1 
in which Fj refers to the applied stress which is called a shearing stress and is 



Fig. .5-2. Illustrating the nature of the distortions resulting from 

torsional stresses 


measured in dynes per square centimeter, and 6 is the angle indicating the 
strain, or extent of shear, measured in radians. The rigidity or shear modulus 
is defined as F^/6. The higher this modulus for a material, the smaller will be the 
amount of the material required for, say. a driving shaft in an automobile, 
the skeleton of a building, or for a bone in a living body. Fig. 5-2(b) indicates 
the distortion suffered by the outer portions of a short section of a twisted wire, 
shown by (a) in an undeformed state. It is obvious that the distortion suffered 
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iby an elementary portion of a wire increases with its distance from the axis of 
■>the wire, where it is zero. For this reason tubing is frequently used in place of 
•solid rods, as the central portions of the latter contribute comparatively little 
to their rigidity, and both the cost and the weight may be lessened by the use 
-of the tubing. The hollow bones of the legs and arms are other examples. 

5.4. Youngs Modulus. Perhaps the most generally important case is that 
of stretched or compressed wires, rods, and beams, in which the elastic property 
is measured by the ratio, known as Young's modulus, between the force per 
unit cross-sectional area—that is, the stress—and the change in length of a 
unit length due to that force. If F, ^4, L, and e represent the total force, cross- 
sectional area, length, and corresponding change of length, respectively, then 
Young's modulus, M, is given by the ratio: 

e/L “ eA 

In the metric system, F is expressed in dynes (1 gm = 980 dynes), e and L in 
centimeters, and A in square centimeters. 

The variation of M, expressed in dynes per square centimeter, with tlie kind 
of material is indicated in Table 5-1. It must be kept in mind that the elastic 
properties of most substances, particularly of such metals as steel, depend ma¬ 
terially on the heat and the mechanical treatment to which they have been sub¬ 
jected in their manufacture. The values given in the table, therefore, must be 
considered as merely typical. Special steel alloys, some with remarkable prop¬ 
erties, have been developed recently and are employed in the manufacture of 
automobiles, medical instruments, and industrial tools, to name a few examples. 


Table 5-1, Young’s Modulus of Various Materials 

(in dynes per square centimeter) 


Material 

Young’s Modulus 

Material 

Young’s Modulus 

Copper. 

11 X 10“ 

Cat gut. 

0.3 X 10“ 

Glass. 

6 X 10“ 

Bone. 

22 X 10“ 

Lead. 

1 X 10“ 

Tendon. 

1.63 X 10“ 

Steel. 

23 X 10“ 


0.19 X 10“ 

Tungsten. 

35.5 X 10“ 


0.0094 X 10“ 

Wood. 

1.1 X 10“ 

Vein. 

0.0087 X 10“ 

India rubber. 

0.05 X 10 “ 

Artery. 

0.00052 X 10 “ 


5.5. Applications o£ Young’s Modulus. The importance of a knowledge of 
Young’s modulus may be seen by a consideration of the example of a beam, sup¬ 
ported at either end, as is the case in most structures, and submitted to a trans¬ 
verse force. The depression, y, in Fig. 5-3 is given by the relation FLV4 Mbd^, 
where F is the force applied transversely to the middle of a beam, having a 
length Lf breadth h, depth d (in the direction of the force), and M is Young’s 
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modulus. From this it is seen that a floor beam across a 20-ft room will sag eight 
times as much as would a like beam across a 10-ft span—assuming the same 
load. Using the common designation, two 2 X 4’s side by side are only twice as 
stiff as one, but a 2 X 8 on edge is eight times as stiff as a 2 x4 on edge. Thus 


Fig. 5-3. Depressing a beam by a transverse 
force applied midway between the two sup¬ 
ports 


a 2 X 8 Is four times as stiff as the same cross-section in the form of two 2 X 4’s, 
assuming they are on edge, but no stiftcr than the latter if all are laid flat. Most 
of the stretch and the compression occurs at the edges; or, as more generally 
expressed, the stress lines are concentrated at the edges. A general engineering 
principle holds that if there are no stress lines no material is needed. Therefore, 



Fig. 5-4. Cross-sections of various forms of struc¬ 
tural steel and of a steel rail 


beams are frequently made deep and most of the middle portion is omitted to 
secure lightness and to reduce costs. The familiar H, T, and L beams and rail¬ 
road rail shown in Fig. 5-4 offer good examples of the applications of these 
principles. But the human skeleton offers quite as many good illustrations. The 
shoulder blade of the human body (see Fig. 5-5), or the breast bone of a fowl, 

is many times as strong as the same weight of bone in the 
form of a flat plate would be. Such bones really consist of 
two surface plates of compact tissue separated by a spongy 
structure which keeps the surface plates apart and, there¬ 
fore, mechanically effective. The structure of the long bones, 
and particularly that of the vertebrae and their projections, 
are of optimum mechanical design. In fact it may be ac¬ 
cepted as a general principle that the peculiarities in the 
shape of normal bones—their departure from flatness, from 
circular or cylindrical form, are all of such nature as to im¬ 
prove them from a ])urely mechanical point of view'. 

This same princijjlc holds equally well with respect to the 
cell structure of the bones. Bones arc formed by the deposi¬ 
tion of salts, largely calcium phosphate, in white fibrous 
tissue. Why this takes place in only certain of such tissues, and the parts played 
by stresses and by strains in the process of growth are not completely under¬ 
stood, but it is certain that the alterations in the mechanical demands made on 
a bone, w’hether due to an imperfect set following a fracture, to exercise, or to 
other causes, bring about definite alterations in the internal stmeture of the 



Fig. 5-5. Illustrat¬ 
ing structural fea¬ 
tures of the shoul¬ 
der blade (scap¬ 
ula) 
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bone. The bones of a prospective football player are rapidly strengthened during 
the period of training even witliout a corresponding change in size. From a me¬ 
chanical point of view, the trabeculae of the bones, resembling the grain of wood, 
constitute their framework, and these coincide with the lines of stress. The 
lines of the trabeculae of the femur (see 
Fig. 5-6(a)) run in two systems of curves 
in the general direction diagrammatically 
shown by the continuous lines. One set fol¬ 
lows the outer side of the head of the bone, 
just as wires, designed to support the latter, 
would have to be run. The other system, 
running along the lines of compression 
stresses on the inner side, follows the sur¬ 
face and goes directly to the end where the 
pressures are applied. The two systems tend 
to cross at right angles at the bend, as 
would be required mechanically for struc¬ 
tures of such shape. In the shaft of the bone, 
the lines of stress run parallel and are 
closest together in the middle portion where 
the stress is greatest, and where the bone is 
appropriately thickened. A uniform shaft 
would break at its middle part under a suffi¬ 
ciently excessive compressional force. The adaptation to torque stresses is shown 
by the surface lines represented in Fig. 5-6 (b). The structure of the bone is 
suggestive of that of an industrial crane of similar shape. 



Fig. 5-G. Illustrating (a) the in¬ 
ternal structure of the head of the 
femur with lines indicating the gen¬ 
eral direction of the trabeculae, and 
(b) spiraling trabeculae serving to 
resist torsional stresses (Adapted) 



(b) 

Fig. 5-7. Lines of stress in the bones of (a) a foot in normal position, and (b) a foot 

in an unnatural position 

The bones of the foot, shown diagrammatically in Fig. 5-7(a) and (b), offer 
an even more striking illustration of the principles discussed above. The’com¬ 
pression lines divide at the ankle joint in the manner best suited to transmit 
the weight to the toes and to the heel, and the tension lines across the calcaneura 
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are crowded toward the bottom where they are most effective in the preventing- 
of fracture due to tlie weight sustained. The student may judge whether the 
structure of the foot adapts it better to the position shown m (a) or to that 
shown in (b). The neutral zone in the central portion of the calcaneum is sub¬ 
ject to no stress, and a microscopic examination reveals the absence of trabec¬ 
ulae in that region. Studies of healed fractures, and bone grafts generally, have 
shown that new trabeculae are astonishingly rapidly built up along new lines 
of stress, and those no longer required are dissolved and removed. Early am¬ 
bulation! carefully carried out, promotes the development of needed trabeculae, 
and shortens the period required for recovery. 

5.6. The Strength of Materials. It must be obvious that the strength of a 
structure must depend on both the arrangement of the parts and the strength of 
the materials used. In a bridge or building some members of the structure, called 
struts, must withstand tlmists, that is, they must have high crushing limits, 
while mernhers serving ss tics must be fldo-ptecl to resist stretching. The snme 
material may not be equally well adapted to the two functions. The crushing 
strength is measured by the linear compressional stress which will cause frac¬ 
ture, while the tensile strength is indicated by the stretching force per unit cross- 
section which will cause it to break. Table 5-2 gives the crushing and tensile 
strengths for several substances. 


Table 5-2. Average Strength of Materials 
(in kilograms of force per Sfiuare millimeter) 


Material 

1 

Crushing Strength 

Tensile Strengtii 

Steel . 

1-15 

1 

100 

Wrought iron. 

20 i 

40 

C'ast iron. 

72 

12 

Wood. 

2 

4 

Bone . 

3-1 () 

9-12 

Muscles. 


0.038 

Artei'ies. 


0.14 

Veins . 


O.IS, 

Nerves. 


1.38 

Tendons. 


6.25. 

1 


From this table it is seen that bone is the one substance that is practically as 
suitable for tension as for compression—just as it should be. Yet there is a wide 
range of values even for the different bones. For example, the femur withstands 
over four times as great a crushing stress per square millimeter as the fibula. 
The tensile strength of a tendon is similar to that of the bone itself. Some bones 
have a comi>ressivc strength 50 per cent greater than that of marble and a 
tensile strength 20 to 30 times that of marble. The resistance to transverse shear 
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may be twice that for longitudinal shear for the long bones, an advantage of 
importance to the body. 

The total tension required to fracture the humerus (of an adult female) has 
been given as 800 kg (nearly a ton) of force while the femur would require a 
force of 1550 kg, or about 3400 lb. From this it is seen that the latter can sus¬ 
tain without fracture about 20 to 25 times the weight of the person of whom it 
is a part—a margin of safety that is obviously satisfactory. Even for a trans¬ 
versely applied force, about a thousand pounds would be required to break the 
femur. 

A comparison of Tables 5-1 and 5-2 would indicate that Young’s moduli for 
the various tissues do not vary in the same manner as do their tensile strengths. 
Thus arteries and veins have about the same tensile strengths, but Young’s 
modulus for the artery is only a sixteenth as large as that of the vein. This in¬ 
dicates the readiness of the artery to give. This elastic yielding is extremely 
advantageous to circulation, as it enables the muscles of the walls of the arteries 
to share with the heart the work of maintaining circulation, through keeping 
up the pressure on the capillaries between beats. Hardened arteries are poten¬ 
tially dangerous. It is of interest to note that the velocity of a pulse wave along 
an artery is proportional to its value of Young’s modulus. These examples serve 
as further illustrations of the excellence of the mechanical design of living 
structures. 


Problems 

1. A wire 1 mm in diameter and 150 cm long is stretched 0.4 mm by the addition of 
a mass of 2400 gm. Find Young’s modulus. (Ahs. 11.2 X 10” dynes/cm^) 

2. How much would a tendon 10 cm long and having a cross-section of 0.4 cm^ 
be stretched by a force of 200 kg assuming a value of Young’s modulus of 1.6 X 10” 
dynes/cm^? 

3. An elevator car is supported by a steel cable 40 m long. When a man weighing 
80 kg stepped into the car it was depressed 2 mm. Find the diameter of the cable. 
(^715. 0.93 cm) 

4. A student hung a 2000-gm mass on a copper wire having a length of 100 cm and 
a diameter of 0.2 cm. Find the stress, the elongation, and the strain of the wire. 

5. A bridge timber has a cross-section 3 X 12 in. A certain load depresses its middle 
portion by ^2 in- when the beam is on edge, and the supports are 10 ft apart. How 
much would it be depressed if laid on its side assuming the same load and supports? 
How close together should the supports be moved to limit the depression to its original 
value? (Hint: solve by proportion.) (Ans. 8 in.; 3.96 ft) 

6. A slender wooden rod is suspended by a steel wire having a cross-section of 
0.006 cm^ If they suffer equal elongations per unit length when a mass is hung from 
the lower end of the rod, find the cross-section of the rod, using data given in the 
tables. 

7. Using the values given in Table 5-2, compare the tensile strengths of arteries, 
veins, nerves, and tendons of the same cross-section, and assigning a value of 100 to 
tendons. Find the diameter of a tendon that would sustain your own wei'^ht ( 4«5 
100: 22.1: 2.88: 2.24) 

8. The wall thickness of a femur having an outside diameter of 2 cm is 3 mm. Find. 
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its crushing and tensile strengths assuming the corresponding constants (see Table 5-2) 

are 12 and 10 kg/mm% and a uniform, circular wall. 

9. Compare the stiffness of a wall in which 1 X 6 material was used as studs with 
one in which the usual 2 X 4’s were used, assuming all other elements to be the same. 
Which would cost the more, assuming the same rate per board-foot? (Ans. 1 X 6 is 
1.685 times as stiff as 2 X 4) 

10. In a similar manner compare 2x6 material with 1x8, with respect to both 
stiffness and cost. 

11. A steel pipe, 60 mm in outside diameter and 1 m long, has a wall thickness 
of 6 mm. It rests on the end of a square wood column and helps to support a heavy 
machine. If the wood column has the same crushing strength as the pipe, what are 
the dimensions of its cross-section? Would the wood or the pipe have the greater stiff¬ 
ness? Explain. Why would the steel require a flange at the lower end? {Ans. 27.2 cm 
square) 

12. By how much would the pipe of Problem 11 be shortened by a load of 4000 kg? 
(Young’s modulus 23 X 10'^ dynes/cm-) 

13. Write a paragraph explaining the advantage of having the crushing strength of 
our bones vary so widely among the bones and even within each. 

14. Monel metal is now widely used in the laboratorj’ and also in industry. If a 
wire 2 m long with a cross-section of 0.0034 crir is stretched 7 mm by a force of 22 kg, 
what is the value of Young’s modulus for this material? 

15. A steel g\iy-cable 30 m long and inclined at 45® with the ground helps to support 
the antenna column at a broadcasting station. If during a storm it resisted a hori¬ 
zontal thrust of 500 kg, what was the force on the cable? IIow much did it stretch 
if it has a cross section of 0.2 cnr? (.4ns. 707 kg; 4.52 cm) 

16. A bridge contractor is able to obtain for floor joists either 3 X 12-in. or 2 X 14-in. 
lumber. Which would be the stiffer? Which would cost the more, assuming the cost 
is the same per board foot? 


Suggested Readings 

Burns, David, An Introduction to Biophysics. (J. and A. Churchill, London, 1929) 
Cluzet, J., Precis de Physique Medicate, 3rd ed.. Chap. VI. (Gaston Doin et Cie., 
Paris, 1929) 

Glasser, 0. (Editor), Medical Physics, I and II, 2nd ed. (Year Book Publishers, Inc., 
1950) 

Texts on Physiology and on Anatomy of university grade will be found useful. 
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Hydrostatics 

Liquids differ little from solids in the matters of density and compressibility, 
but behave very differently under the action of forces. They are unable to 
offer any permanent resistance to a deforming force as do solids; but if con¬ 
fined they will transmit, as stated by Pascal’s law, an applied pressure un~ 
diminished to all parts of the containing vessel regardless of its size or shape 
(a thing which solids cannot do). Hydrostatics has to do with liquids under 
conditions of equilibrium. The behavior of liquids which are not in a state 
of equilibrium, hence are in motion, is so different from those at rest that a 
separate treatment is required. A treatment of the latter is called hydro¬ 
dynamics. 

6.1, Forces in a Liquid at Rest. In any body of liquid at rest there must 
exist at every point within the body an equilibrium condition with respect to 
all forces applied at that point. Otherwise the 
liquid would move as it is free to respond to the 
slightest unbalanced force. Considering first a 
liquid in an open vessel, as shown in Fig. 6-1, the 
pressure on the surface is known, as it is simply 
that due to the atmosphere. The liquid at the 
surface is also acted on by the force of gravity 
and the surface is level or, better stated, is per¬ 
pendicular to the resultant force on the liquid. If 
it were not so there would be a component of 
force along the surface which would cause a mo¬ 
tion of the liquid. A disturbed surface settles 
down to a level condition as soon as the energy 
of the disturbance has been dissipated, assuming only the force of gravity is 
acting on it. As will be seen later, liquid surfaces are curved near the walls of 
containers, where the resultants of forces due to adhesion and to gravity vary 
in direction with the distances of the molecules from the wall. Briefly stated, 
there can be no tangential force on the surface of a liquid at rest. The liquid at 
any point within the body of the liquid at rest must likewise be in equilibrium 
if there is no motion. This means that also the pressure effects must balance. 

Referring to Fig. 6-1, consider a vertical column of liquid of unit cross- 
section extending from the surface to a depth of h units. The volume of the 
column is also h units; if its density is d grams per cubic centimeter, its mass is 
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Fig. 6-1. The pressure at any 
level is affected by the depth 
but not the form of the col¬ 
umn producing it 
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hd grams. The force of gravity on the column is hdg dynes, since one gram of 
force is equivalent to g dynes where g is the acceleration due to gravity (see 
later Section 11.1). A column of the same length but having five times as large 
a cross-section, for example, would exert five times the force, but over an area 
five times as great, so that the force per unit area, which is the definition of 
pressure, would be just the same as before. One might consider any number 
of different columns (see dotted lines) all ending in the surface and having the 
same base as the vertical column shown, and therefore the same h values. These 
columns really exist yet the pressure must be the same in every case for there 
is no motion. It would appear that the pressure at any point in a liquid then 
must depend on only those factors h, d, and g, which appear in the above expres¬ 
sion. The water surface in a bay is on the same level as that away from the 
mainland, the surface level in the spout of a filled tea-kettle is the same as in 
its body; there is no motion of the liquid on account of the inequality in the 
sizes of the two parts of the vessel. One does not need a description of the pipe 
system connecting a water tap with the water tower in order to compute the 
pressure; only the vertical depth is of consequence. A tenant on the third floor 
of an apartment will have a lower water pressure than one on the first floor, and 
one living on a hill may be inconvenienced by low water pressure. The blood 
pressure in an artery at the ankle depends primarily on its vertical distance 
from the heart, not on the shape or the course of the connecting arteries, leav¬ 
ing out of consideration for the present the effect of the pumping action of the 
heart and the motion of the blood on its pressure. 

In the English system a rather mixed unit is used to express pressures, as 
they are generally expressed in pounds per square inch. Since the density of 
water in that system is 62.4 Ib/ft^, the pressure per foot of depth is 62.4 lb/144 
in-, or 0.433 Ib/in-. Hence the expression for the pressure becomes 

p = 0.433 hd' lb/in2. 

where d' is the specific gravity of the liquid, that is, the ratio of its density to 
that of water, and h is the depth in feet. Applied to the arterial system of a 6-ft 
man, the pressure in his foot may be 0.433 X 6 X 1.058 = 2.74 Ib/in-. greater 
than that in his head, a more important factor than is generally realized, again 
neglecting the effect of the action of the heart and the flow on the pressure. In 
tliis the density of blood is assumed to be 1.058 gra/cm-'*. 

Enormous pressures exist at even moderate depths in the ocean—that at 
one mile amounts to nearly 1.17 tons per square inch. (Check this as a problem 
assuming the specific gravity of sea water to be 1.025.) Strangely enough many 
species of animals have become adapted to such pressures, some both weird in 
form and beautiful in color. In general, deep-sea fish cannot live except under 
great pressures. Similarly, man, even a deep-sea diver of long training, cannot 
go more than a few hundred feet below the surface, and most divers risk less 
than a hundred feet. Submarines, even though constructed of steel, have only 
a very limited range in depth. 
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6,2. The Measurement of Pressures. The most widely used manometer is per¬ 
haps the simple U-tube represented diagrammatically in Fig. 6-2(a). The pres¬ 
sure at the level of C due to the column AC is the same as that due to column 
BC. The pressure to be measured, which is applied to the surface at A, is then 
balanced by that due to the column BD. If this has a vertical depth of h centi¬ 
meters, and the liquid a density of d grams per cubic centimeter, then the pres¬ 
sure at A is hdg dynes/cm^. It is important to note that the length or the form 
of the column below the AB level is of no consequence, and even need not be 
known. In order to avoid errors due to capillary effect (Chapter 7), the two 
limbs of the manometer are generally made of the same piece of glass tubing, 
and as large as convenient. To get the absolute pressure on A, one must add that 



(a) (b) 

Fig. 6-2. (a) Open tube ma¬ 
nometer. (b) U-tube arranp- 
ment for comparing specific 
gravities of immiscible liquids 


Release 



Mercury 

cistern 


Inflated 

arm-band 


Fig. 6-3. Blood pressure is ordinarily 
measured by means of a mercury 
sphygmomanometer 


of the atmosphere to that due to h, but in most cases concerned in medical prac¬ 
tice one is concerned with the difference between the pressure being measured 
and that of the atmosphere. One might eliminate the effect of the atmosphere 
by closing the free end of the manometer and exhausting that limb, as is done 
in constructing a barometer, but open-end manometers are more generally used. 
Fig. 6-2 (b) illustrates the use of a manometer to determine the density d' of a 
liquid which is immiscible with water. Obviously the pressure at the AB level 
is the same in each limb of the manometer, since any liquid below the AB line 

need not be considered. It follows that h'd' — hd or d — hd/h . 

Most manometers used in measuring blood pressures (called sphygmoma¬ 
nometers) substitute a cistern for one of the vertical tubes. As the cistern has a 
cross-section that is very large compared to that of the vertical tube, the move¬ 
ment of its surface is correspondingly small and is generally neglected. This 
avoids the necessity of reading two surfaces and is more convenient in use. 
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Fig. 6-3 illustrates a typical form of such an instrument, mercury being used 
as the manometric liquid. Mechanical manometers, which depend for their ac¬ 
tion on the distortion of a chamber or of a flattened curved tube of some form 
for their action, are widely used by physicians and in industry on account of 
their more compact form and greater convenience. 

In using the liquid manometers to measure the pressures of body fluids, it 
is very important that any contamination of the liquid in either limb of the 
manometer be avoided and that the rubber tube connecting the manometer to 
the hollow needle, through which the pressure may be transmitted, be kept free 
from trapped liquids or bubbles which might introduce extraneous pressure 
effects originating in hydrostatic or in surface-tension forces. Studies of the 
pressures in various parts of the circulation system furnish many interesting 
applications of the general principles discussed above. Physicians measuring 
blood pressures generally select a point on the arm at the level of the heart 
(costal angle). Tests made elsewhere would involve an allowance for the differ¬ 
ence in level between the point chosen and the heart. The approximate venous 
pressure in the hand may be directly observed by raising the hand until the 
raised veins on the back of the hand flatten. The height raised above the heart 
level in centimeters multiplied by 1.058 gives directly the pressure in grams 
per square centimeter. 

Animals accustomed to go on all-fours may suffer great discomfort if held 
in an erect position for any considerable period of time. Rabl)its, which liave 
rather lax abdominal walls and tissues which allow tlie blood to drain from the 
elevated head, may fail even to survive such a treatment. The normal person 
lias vascular control of the distribution of his blood; but if through shock or 
other causes this control is lost, he must be brought immediately to a horizontal 
po.'iition and kept tliere until liis control is regained. A fainting jK'rson fall.';; it 
would be a serious matter if he could not. One who has been confined to bed for 
a protracted period may find this control partially lost and therefore may ex¬ 
perience great giddiness when he first tries to walk. It would be extremely un¬ 
wise for a mature person, especially one having high blood pressure, to “stand 
on his head.” His narrow margin of safety might not take care of the hydro¬ 
static pressure thereby imposed, to which the vessels of the head are unaccus¬ 
tomed. 

6.3. Archimedes’ Principle. Suppose one were to consider any particular 
Iiortion of a body of liquid—for example, the volume V indicated in Fig. 6-4. 
V is supported by the pressure due to the surrounding liquid and. since V is in 
the form of a vertical cylinder, that pressure can be readily calculated. The 
pressure on the sides of the cylinder has no vertical component and therefore 
need not be considered. If the upper surface is at a depth of h' centimeters and 
has an area of A square centimeters, the total force, measured in grams, rather 
than in dynes, due to the liquid above it is Ah'd grams. Similarly, the force 
upward on the bottom of the cylinder is A{h' + h)d grams. The difference be¬ 
tween these tv.’o forces, Ahd grams, gives the buoyancy force exerted by the 
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surrounding liquid on this particular portion of it. Ahd is also the weight in 
grams of the cylinder which in this case happens to be of the same material 
as the rest of the body of the liquid. But the same buoyant force would be 
exerted if any other material occupied the same volume and we may conclude, 
with Archimedes, that the buoyant force exerted on the submerged body is 
equal to the weight of the displaced liquid. It must be apparent that the same 
conclusion would be reached if one were to consider the irregular body, V', as 
it may be considered as being made up of a large number of vertical cylinders. 


As the buoyant force on each would be equal to 
the weight of liquid it displaces, the buoyant 
force on the whole would be equal to the weight 
of the entire volume of displaced liquid. Observe 
that the buoyant force for the cylinder did not 
depend on V, the depth below the surface. The 
weight of the displaced liquid is the same no mat¬ 
ter what the depth is, assuming both the body 
and the fluid are incompressible. Ships that sink 
go all the way to the bottom. 

6.4. Applications o£ Archimedes’ Principle. 
The submarine offers a most interesting applica¬ 
tion of Archimedes’ principle. It is equipped with 



Fig. 5-4. Illustrating various 
applications of Archimedes’ 
principle to immersed and to 
floating bodies 


means of varying the amount of water in its 

ballast tanks, hence of the total water displaced. This means that its net weight 
under water can be varied through wide limits. These variations in force, to¬ 


gether with those arising from the use of the propeller, suffice to control both 
the vertical and horizontal movements of the craft. In sea warfare, mines are 


supported by the buoyant force of the water and held at the proper depths by 


cables from the bottom. 

Archimedes’ principle applies equally well to floating bodies which must in 
every case sink until their weight is balanced by the buoyant force due to the 
weight of the displaced liquid. The heavier a ship is loaded, the lower it rides 
in the water; indeed, the size of a ship is usually expressed in terms of the weight 
of the water displaced. A ship sailing out from a fresh water bay rises slightly 
as it moves into the denser ocean water. The principle is equally valid for all 
fluids—a balloon is lifted by the weight of the displaced air. The buoyant force 
exerted by the air on the weights used with a sensitive balance must be taken 
into account in cases where great accuracy is essential. 

The principle applies to bodies of all sizes, even to blood corpuscles or to 
colloidal particles. Blood corpuscles tend to settle because they weigh more than 
the displaced plasma. The forces involved in the case of such fine particles, 
however, may be quite small in comparison to those due to convection, thermal 
agitation, or electrical charges. For example, colloidal particles of gold have 
little tendency to settle, especially if they are small enough to have pronounced 
Brownian movements. In fact, finely divided particles of heavy minerals and 
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metals may have their effective densities so greatly modified through attach¬ 
ments of gas bubbles, oil films, and the like, that they are actually forced to 
the surface. Important metallurgical processes hinge on this action. A slender 
horizontal needle carefully lowered onto the surface of water may be observed 
to float. Several insects appear to walk on the surface of water. The student 
should satisfy himself as to whether Archimedes’ principle holds in such cases. 

Although Archimedes’ principle is generally considered with respect to grav¬ 
ity forces, its basic principle might be extended to apply to the action of other 
forces. For example, it can be applied to particles in a liquid being centrifuged, 
as "will be shown in Chapter 9. Such particles experience a net outward force 
equal to the difference between the centrifugal force on the particle and that on 
the liquid it displaces, and often thousands of times greater than that which 
would cause it to sink under the action of gravity. 

A most interesting medical application of Archimedes’ principle has to do 
with one type of hydrotherapy, perhaps best described as under-water gymnas¬ 
tics. Its chief advantage lies in the removal of the gravitational load from the 
joints through the buoyancy of the water in which the patient is almost com¬ 
pletely immersed. It must be recalled that normal forces at the joints are sur¬ 
prisingly large. In Chapter 4 it was pointed out that tlie force in the shoulder 
joint may be over 100 lb when the arm, even without a load, is lifted. Such 
stresses do not even claim our attention under normal conditions but may give 
rise to excruciating pains under pathological conditions such as are character¬ 
istic of arthritis, for example. All movements of joints affected by arthritis are 
carefully avoided by the patient, frequently until they become impossible. The 
use of the buoyant force of water to support the arm makes possible movements 
otherwise intolerable. A great variety of conditions, including chronic polio¬ 
myelitis, are amenable to this sort of hydrotherapy. A 50-lb child would have 
an effective weight of only 2 lb approximately; hence muscles weakened by 
infantile paralysis can be exercised under these circumstances. 


The fetus is supported by its circumambient fluul, hence does not chafe sur¬ 
rounding tissues. One can hardly conceive any other plan by which its skin 
could develop without destmetive interferences, because otherwise its weight 
would have to be supported entirely by contact with surrounding tissues. The 
fluid also i>rotects the fetus against mechanical shocks and temperature changes 
and, through the buoyancy afforded, permits the exercise of its muscles. 

The case of the cerebrospinal fluid offers an interesting example of the appli¬ 
cation of both pressure studies and of Archimedes’ principle. This fluid fully 
occupies a channel in the spinal column connected to certain cranial cavities. In 
medical practice occasions frequently arise which require observations of the 
pressure of this fluid. To obtain this a hollow needle is inserted, generally be¬ 
tween the tliird and fourth Iumi)ar spinal i)rocesses, into the dural sac. The 
spinal fluid then escapes through this needle into a manometer tube until the 


manometer pressure is equal to that of the fluid, normally to a height of say 100 
to 200 mm of water if the patient is in a horizontal position, but 400 to 550 mm 
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if in a sitting position. The pulse effect in the brain gives rise in the manometer 
to pressure oscillation of which the form may be highly significant from a diag¬ 
nostic standpoint. Should excessive drainage result from a puncture, the brain 
and spinal cord, no longer supported by the normal buoyant force of the cere¬ 
brospinal fluid, cause such strains in the tissues that the well-known post¬ 
puncture headache results. 

6.5. Determination of Density and Specific Gravity. Density—that is, 
the mass of a unit volume—may be determined readily from mass and volume 
data in the case of solids of simple geometric shapes. The volumes of irregular 
bodies may be obtained by the displacement-of- 
liquids method. For example, the volume of a 
stone may be found by lowering it into a gradu¬ 
ated cylinder partly filled by a liquid and ob¬ 
serving the change in the readings of the surface. 

Assuming its mass is 150 gm and its volume is 
50 cm®, its density is obviously 3 gm/cm®. 

For most cases met in biology and medicine, 
one is more likely to be interested in the specific 
gravity of a body or liquid, that is, the ratio of 
the mass of a body to the mass of a like volume 
of a standard substance, generally water for 
solids and liquids, and air for gases. For irregu¬ 
larly shaped bodies denser than water, one has 
merely to weigh the body in air and in water. 

The ratio of the first weight divided by the loss 
of weight through immersion in water gives di¬ 
rectly the specific gravity of the body, since the 
loss in weight is the weight of the displaced water, 
and this has the same volume as the body itself. 

For solids lighter than water, one has to employ 
a sinker kept constantly under the water when 

finding the loss of weight on immersion. The specific gravity of liquids other 



(a) 

Fig. 6-5. (a) Graduated hy¬ 
drometer. (b) A small hydrom¬ 
eter used in the determina¬ 
tion of the specific gravity of 
battery acid 


than water can be obtained by weighing the same solid in air, in water, and in 
the liquid, X, being studied. The ratio of the loss of weight in X to that in water 
gives the specific gravity of X. 

Two other methods of determining the specific gravity of liquids are in com¬ 
mon use. By weighing a glass-stoppered specific gravity bottle empty, filled 
with water, and finally filled with the liquid, X, one can obtain the net weights 
of like volumes of water and of X and therefrom the specific gravity of X. The 
hydrometer is more likely to be used in industry. A typical form of hydrometer 
is shown in Fig. 6-5(a). The denser the liquid the less the depth to which the 
hydrometer sinks, since a smaller volume must be displaced to match the 
weight of the hydrometer. The weight and the diameter of the stem of these 
instruments are chosen to make the instrument suitable for the purpose at hand. 
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For example, hydrometers for determining the specific gravities of the electro¬ 
lytes of storage batteries (see Fig. 6-5(b)) are made with a range of from 1 to 
nearly 2 in specific gravity. 


Problems 

1. Measure the distance from the tips of your fingers to the floor, when standing 
with your arm vertically downward. Calculate how much the pressure in the arteries 
of the foot should exceed the pressure in those of the hand. 

2. Observe the height to which your hand must be lifted above the level of the 
heart (costal angle) in order to cause the veins on the back of the hand to disappear, 
and convert the indicated hydrostatic pressure to millimeters of mercury. Assume the 
specific gravity of the blood is 1.058. 

3. For measuring small differences in pressure oil is frequently used in place of mer¬ 
cury in manometers. If the oil used has a specific gravity of 0.8, how many times is 
the sensitivity increased? (Ans. 17 times) 

4. How many feet below the surface of the acid in a tank is the gauge which reads 
20 lb/in“. if the acid has a specific gravity of 1.42? 

5. A student found that a stone weighed 450 gm in air, 260 gm in water, and 270 
gm in an oil. Find the specific gravity of the stone and of the oil. (Ans. 2.37; 0.948) 

6. A man weighing 150 lb sits astraddle a pine beam (sp gr 0.5) 6 in. X 8 in. X 10 ft 
in a sea-water (sp gr 1.03) swimming pool. How much of the man’s body is above the 
surface of the water assuming the part below the surface has the same density as the 
water? 

7. What is the true weight of a block of wood of density 0.8 if its apparent weight 
in air is 40 gm, assuming brass weights of density 8.4 gm, cm* were used in the weighing 
and that the error is due entirely to the buoyancy of air? (Density of air, 1.29 gm/liter) 
{Ans. 40.058 gm, approximately) 

8. The weight of a certain empty specific gravity bottle is 52 gm but 102 gm 
when filled with water. How much will it weigh when filled with a liquid having a 
specific gravity of 0.8? 

9. A certain hvdrometer stem is cvlindrical and has an external diameter of 1.4 cm. 
How far is the 1.50 mark from the 1.20 mark assuming the hydrometer weighs 18 gm? 
f.4ris. 1.94 cm) 

10. A loaded pine cylinder has a mean density of 0.6 gm/cm* and is 12 cm long. 
Assuming it floats upright, what length of it will be submerged if it floats in (1) water, 
and (2) in oil of density 0.8 gm/cm*? 

11. If the pressure of the blood in the arch of the aorta (where the blood leaves 
the heart) is 120 mm of mercury, what is it in the brain if the latter is 38 cm (15 in.) 
above the arch? (Ans. 90.5 mm) 

12. A 5-cm cube of ice (sp gr 0.9) floats on the surface of a salt solution in a deep 
tank, with its upper surface 1.2 cm above the surface of the solution. Find the specific 
gravity of the solution. What would be the pressure in pounds per square inch at a 
depth of 3.5 ft below the surface? 

13. If a student can “suck” mercury to a height of 8 cm in a glass tube introduced 
into a pool of mercury, over how high a barrier could he start a siphon in order to 
secure gasoline (sp gr 0.69) from a partly filled tank? Give the answer both in centi¬ 
meters and in feet. (By closing back of mouth chamber, much greater heights can be 
attained) (Ans. 157.8 cm; 5.18 ft) 

1 -, Referring to Problem 13, how much force was exerted on an area 20 X 20 cm of 
the lent's chest when the mercury stood at 8 cm above the surface of the pool? 
Expres,' your result in both kilograms and pounds. 
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15. Two duck hunters, weighing 160 and ISO lb and carrying 40 lb of equipment, 
got into a flat-bottom boat having vertical sides. How much lower in the water did 
the boat float if the boat had a cross-section 4 ft by 15 ft? (Ahs. 1.22 in.) 

16. Greater sensitivity can be obtained in measuring small pressures by using light 
manometer fluids and inclining the tube. By how many times did a research student 
increase the sensitivity of his manometer by substituting for the mercury oil having 
a specific gravity of 0.72, and by inclining the manometer tube until it made an angle 

of 10® with the horizontal? 

17. A certain sample of an iron-tungsten alloy was found barely to float in mer¬ 
cury. If the specific gravities of iron and of tungsten are 7.85 and 18.6, respectively, 
what per cent by volume of the alloy was tungsten? (Ans. 53.5%) 


Suggested Readings 

Burns, David, An Introduction to Biophysics. (J. and A. Churchill, London 1929) 
Glasser, 0. (Editor), Medical Physics (see pp. 151-52, \ol. I), 2nd ed. (The Year Book 

Publishers, Inc., 1950) 

Any standard text on general physics. 
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Surface Tension 

A surface of separation between a liquid and a gas, that is a liquid-gaseous 
interface, or that between a liquid and another liquid with which it will not 
mix, called a liquid-liquid interface, shows a marked tendency to contract to 
the smallest area possible. Until comparatively recently the true nature of the 
phenomenon was not properly understood, as it was believed that the molecules 
of the surface possessed properties not shared by molecules in the body of liquid, 
the commonly held view being that the surface molecules were in a “state of 
tension." While such a view afforded a very simple picture and conveniently 
explained many of the related phenomena, it is hardly adequate to explain all 
and is not in line with our present concepts as to the molecular nature of matter. 
7.1. Molecular Explanation of the Tendency to Contract. Both theoretical 
and experimental evidence support the view that the molecules of a liquid are 
free to move past each other, that their thermal agitations tend to separate 




Fig. 7-1. (a) Forces on atoms at the surface of 
a liquid are asymmetrical. They are balanced at 
any point within the body of the liquid, (b) Forces 
across any line lying within the surface of a 

liquid are balanced 


them, but at temperatures well under the boiling points the tendency of mol¬ 
ecules to separate is balanced by the forces of attraction between them. Each 
molecule in the interior of the liquid is attracted by every molecule within about 
one millionth of a centimeter, or what has been termed its sphere of influence. 
Since the force in any direction has an average value the same as that in any 
other direction, the resultant of such forces is zero; so the molecule is as free 
to move in any direction as it would be if these forces did not exist. At the 
surface, however, there are negligible outward forces to balance the inwardly 
pulling forces; thus all surface molecules and those very near the surface ex¬ 
perience net, inwardly directed forces which are perpendicular to the surface. 
This condition may be graphically represented as shown in Fig. 7-1 (a) in which 
the circles represent on a greatly enlarged scale the spaces about the molecules 
.1 and B within which molecules are close enough sensibly to attract the mol¬ 
ecules at A and at B, respectively. The heavy arrow at A represents the re- 
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sultant of the molecular attractions on the molecule at A, while at B this re¬ 
sultant force is zero. 

This net inward attraction favors the movement of the surface molecules 
inwardly and opposes their motion outwardly, so that the surface tends to 
shrink until it has the minimum value that will serve to enclose tiic volume of 
liquid at hand, subject, of course, to any external forces such as gravity or 
centrifugal forces. If the mass of liquid concerned is very small, the splierical 
form is assumed, as in case of small drops or soap bubbles. From these consid¬ 
erations it is seen that one does not need to endow the molecules with any spe¬ 
cial properties or to imagine some sort of physical membrane to exist in order 
to explain the various manifestations of surface tension. The advantages of the 
above simple molecular exi)lanation become even more apjiarent when one 
considers the fact that the molecules at the surface at one instant arc not all 
there a moment later; for evaporation and condensation, as well as thermal 
movements within the liquid, are influences which make impossible any static 
arrangement of molecules. Indeed it is helpful to visualize the surface as merely 
the average position of the molecules at the surface. If one could sec the indi¬ 
vidual molecules at any one instant he would see showers of molecules return¬ 
ing from the vapor above the surface to the liquid, where some enter and some 
are reflected and, in case the vapor is saturated, equal numbers leaving as 
though shot out of a myriad of guns. Those at the surface would be seen bobbing 
up and down witii the violence characteristic of thermal agitation, any par¬ 
ticular molecule remaining in the surface but a minute period of time, estimated 
to be about 10’'’* sec on the average. With such a 
picture in mind one is unlikely to revert to the 
old conception of a liquid surface as a membrane 
or skin. 

7.2. Energy Considerations. Since liquid sur¬ 
faces spontaneously contract and can even be 
made to do work as they contract, there must be 
energy associated with the surface. From the 
molecular point of view this work is simply that 
required to move the molecules out from tlic inte¬ 
rior of tlie liquid against the inwardly attracting 
forces. 

Because of the earlier conceptions as to the 
nature of the surface of a liquid, surface tension 
has generally been defined as the force in dynes of the contraction across a line 
one centimeter in length, lying in the surface, as indicated in Fig. 7-1 tl>). In 
many respects it would be better to consider the surface tension of a liquid as 
being indicated by the number of ergs of mechanical energy required to form 
one square centimeter of tlie surface. (For definition of erg, see page Ofi.) 

Tiie numerical agreemcTit of tliese two measures of surface tension may be 
seen from a consideration of Fig. 7-2. Suppose a soap film is formed within a 
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Fio. 7-2. .\ method of deter* 
ininins tlie magnitude of tlie 
surface tension of a liqui»l 
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wire frame, W, and bounded on one side by a movaide wire, AB. If the side wires 
of ir arc a centimeter apart, then the breadth of the film to be stretched is 2a 
since the film has two surfaces. If, using the first definition, the surface tension 
of the film is T dynes per centimeter, then a force of 2aT dynes will just move 
along W. AVhen it has moved a distance of b centimeters the work done is 2abT 
ergs and 2ah additional square centimeters of surface have been formed. There¬ 
fore, the energy required to form 1 square centimeter of surface is T ergs. Thus 
it is'seen that the surface tension has the same value numerically whether it is 
thought of as T dynes per centimeter or as indicated by the T ergs per square 
centimeter required to form the surface. In these considerations any cooling 



Fig. 7-3. DiiXouy surface tension apparatus (Courtesy of Central Scientific Co.) 


effect due to stretching has been neglected. It is more convenient both experi¬ 
mentally and mathematically to deal with problems in this field from the view- 
jioint of the tension involved and tables are generally labeled accordingly; but 
the energy concept is of greater importance in the interpretation of surface ten¬ 
sion phenomena and should be kept clearly in mind. 

7.3. Direct Methods of Measuring Surface Tension. Methods similar in 
ju'inciple to that illustrated in Fig. 7-2, but involving apparatus built on a 
larger scale, have been used to determine experimentally the surface tension of 
liquids. The DuNouy surface tension apparatus shown in Fig. 7-3 is better 
suited to accurate determinations. The surface to be studied is formed between 
a platinum ring and the body of the fluid as the latter is lowered. The force is 
measured by the torsion that must be applied to the wire to balance that due 
to the surface, the magnitude being given directly by a graduated dial. The 
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dial may be calibrated by hanging known masses on the end of the torque lever 
in place of the ring shown. It is important to note that in pulling the wire, AB, 
along W, of Fig. 7-2, no increase in force is experienced as the area is increased. 
If the film were really a membrane like rubber the force would increase with 
the distance stretched. Only a change in the character of the surface molecules, 
or in their temperature, can affect T. Otherwise the method of measuring T 
shown in Fig. 7-2 would not be reliable. 

The numerical values of the surface tension of some common liquids are 
given in Table 7-1. A liquid-air interface is assumed. 

T.\ble 7-1. Numerical Values of Surf.ace Tension for 

SEVERAL Liquids 


Liiiuid 

Temperature 

Surface Tension 

Alcohol, etliyl. 

20°C. 

21.7 dynes/ciu 

Chloroform. 

20 

26.7 

Glycerin. 

18 

65.2 

Mercury. 

18 

520 

Bile. 

20 

48 

Olive oil. 

20 

53.5 

Milk. 

20 

50 

Water. 

20 

72.8 

Water. 

50 

6S.6 

Water. 

100 

1 

61.5 

Urine (normal). 

20 

66 

Urine (icteric). 

20 
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A slight addition of soap to water may lower its surface tension to less than 
half the value given for pure water. For liquid-liquid interfaces the values arc 
always of lesser magnitude and, of course, depend on both liquids for any com¬ 
bination. Thus, for a water-henzene interface the surface tension is 32.6; for 
water-isoi)utyl alcoliol only 1.70. For water-olive oil the value is 22.9; but for 
alcohol-olive oil, 2.20. Whenever the molecules of one liquid are attracted by 
another liquid as strongly, or more strongly, than by tlieir own liquid, the inter¬ 
facial tension is zero or negative and the two liquids are completely miscible. 
7.4. Capillarity. The free surfaces of liquids at rest in general are horizontal 
except at the edges wlicre these surfaces meet the sides of the containing vessel, 
and additional forces are involved. Here the surfaces may turn upward as in 
the case of water on glass, as siiown in Fig. 7-4(a), or downward as in tlie vd<v 
of mercury on glass, as shown in Fig. 7-4(b). In either case, in line with a 
general principle, the surface of the liquid is perpendicular to the resultant. H, 
of all forces acting on the molecules in the surface. Forces l)etwe(‘n unlike 
molecules are called adhesive forces; those between like inolecuh's. cohesive. 
If the adhesive force between the liquid and the solid is strong relative to the 
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cohesive force of the liquid itself, then the resultant is thrown outward and the 
liquid surface is curved upward; that is, the water rises as in Fig. 7-5(a). In the 
converse case the resultant is thrown inward and the liquid is depressed. The 
contact angle, a, between the surface and the walls is thus seen to depend on 
the natures of the liquid and of the solid. For pure water on glass the value of 
a is 0°, but a slight contamination may increase the angle to, say 30°. For pure 




(b) 

Fig. 7-4. Resultant force on a molecule of a liquitl near a surface (a) which it can 

wet, and (b) which it docs not wet 

mercury and clean glass it is about HS**; for turpentine and glass, 17% and 
so on. 

7.5. Capillary Tubes. Consider the case of a glass capillary tube of radius R 
dipping vertically into water, as shown in Fig. 7-5{b), the water forming a 
surface concave upward, the total length of the contact line is 2TrR; the total 
force across this line is 2TrRT, and the vertical component of this is 27rRT cos a. 
This force causes the liquid to rise in the tube until its effect is balanced by the 
weight of the elevated liquid. The latter force is TrR-hdg dynes assuming a rise 
of h centimeters and a density of (L From this it follows; 

TrR-hdg = 2irRT cos a and h = 2T cos a/Rdg 

For mercury in glass a is greater than 90°, hence cos a is negative. This gives 
h a negative sign, which means the liquid is depressed instead of elevated. 

For cither case it is seen that for any given combination the elevation or 
depression varies inversely as the radius of the tube. Substances in solution gen¬ 
erally affect the value of T and hence of h. 

The action of a liquid as it is slowly expelled from a medicine dropper should 
be observed by the reader. Just before the pendent drop breaks from the tip the 
upward force due to surface tension across the perimeter of the neck of the drop 
balances the force nf gravity on the drop. Several precision methods of measur- 
irg the surface tension of liquids at liquid-gas and at liquid-liquid interfaces 
employ this principle (certain precautions and corrections are involved). The 
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weight of the drop is within limits directly proportional to the radius of the 
tube and to the surface tension of the liquid, and any factor which affects the 
latter must affect also the weight of the drop, a matter not always kept in mind 
by those who fill prescriptions by the drop method. 

Capillary action takes place quite as readily in irregular pores or openings 
as in capillary tubing; the action in any case de¬ 
pending on the fineness of the passages and the 
contact angle. Liquids may show great elevations 
in wicks, towels, in vegetable stems, blotting 
paper, soils, sands, lump sugar, and the like. The 
values of cos a may be so changed, for example, 
by oiling or waxing the cloth, that water may be 
depressed instead of elevated by the cloth. A 
number of different substances are used indus¬ 
trially to “waterproof' fabrics. The hair of many 
animals and the feathers of water fowl are water¬ 
proofed by nature. On the other hand, there are 
a numher of substances, notably modern deter¬ 
gents, which when added to water greatly in¬ 
crease the rapidity with which it “wets’* surfaces 
as a result of the reduction in the surface tension 
of the water. Unbleached cotton is not easilv 
wetted by pure water and hulk cotton cannot be 
used as “absorbent cotton” until it has been 

treated. The fine texture of linens favors the adhesion of water molecules. 

7.6, Capillary Tube Method of Measuring Surface Tension. The equa¬ 
tion of the preceding section may he written in the form 



Fio. 7-5. A licjuid ri.<es in a 
capillary tube if the liquid 
wets the tube 


T = Rhdg/2 cos a or T = Rh(lg/2 

for cases where a is so small, as in the case of water and glass, that cos a may 
he considered equal to 1. As R, h, and d may easily be determined experimen¬ 
tally, and g is known, the use of a capillary tube ofi’ers a very simple method of 
determining surface tensions. 

7.7. The Influence of Temperature on Surface Tension. The surface ten¬ 
sion or the energy per unit area of the surface is measured by the total work 
done in bringing to the surface the molecules required to form the surface 
against the attractive forces between them and the underlying molecules. The 
surface tension should be aflected, therefore, by temperature changes in the 
same manner as arc these forces. An increase in temperature is accompanied bv 
an increase in the kinetic agitation of the molecules and, therefore, a greater 
tendency for molecules to fly out. This is equivalent in effect to a weakening of 
the cohesive forces and one would expect the net work required to get them to 
the surface to be less. In other words, one would expect the surface tension to 
decrease with increasing temperature, just as is found to be the c:is(‘ ex])crimen- 
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tally. There exists, however, no simple equation which will express the variation 
of the surface tension of all liquids with temperature. In the case of certain 
liquids it is possible to enclose them in a strong, sealed glass tube and through 
careful heating to bring their vapor density to the same value as that of the 
liquid. The pull on the molecules is then the same in all directions. With the dis¬ 
appearance of the forces responsible for the surface it disappears, a most 

striking phenomenon to observe. 

7.8. Surface Tension Pressures in Drops and in Bubbles. Consider a drop 
of radius E of a liquid having a surface tension T. The two hemispherical sur¬ 
faces indicated in Fig. 7-6 may be thought of as 
being held together by the surface tension forces 
across the equatorial line, as on this line these 
forces are normal to the equatorial plane. The 
total force across this line is 2itRT and the area 
over which this force is distributed is 7ri?-. The 
force in dynes per square centimeter, in other 
words, the pressure, is 

p 27rJ?T/7r7?2 = 2T/R 

In the case of bubbles (such as soap bubbles), 
there is both an inner and an outer surface of the fdm, so that the pressure 
developed is 47Vi?. The stability of soap bubbles is due partly to the high vis¬ 
cosity of the solution, for the value of T is actu¬ 
ally less than in the case of water. It takes longer 
for the liquid between the surfaces to run down 
than it would take for water. An additional fac¬ 
tor will be mentioned later. In tlie case of mist- 
like or microscopic particles such as the cells of 
organic structures, R is so small that compara¬ 
tively large pressures result and factors producing 
changes in surface tension may bring about im¬ 
portant changes in energy. 

One interesting result is illustrated in Fig. 7-7. 

It is found that the water in the tube of (a) and 
the mercury of (h) will remain in the position 
shown even though the tube be tipped somewhat. 

In either case the radii of curvature of the two 
ends of the drop are the same. From the relation 
j) = 2T/r it is seen that, if the tube of (a) were 
tipped, the radius of the upper end of the drop 
would tend to become smaller, hence lead to a 

greater return pressure on the drop. In the case of the mercury the curvature is 
reversed, and it is the lower end that pushes the drop back and keeps the drop 
ir. the approximate position shown. An application of the principle is seen in the 


. 


(a) 



Fig. 7-7. Illustrations of capil¬ 
lary action, (a) A liquid which 
wets the tube is held in a con¬ 
striction. (b) One which does 
not wet the tube avoids the 
constriction, fc) Application 
of (a) to the flow of ink in a 
fountain pen 



Fig. 7-C. Surface forces give 
drops and also bubbles their 
spherical form 
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Fin. 7-8. Orientation of mole¬ 
cules at a surface (A(la])te(li 


action of the ink in a fountain pen. If the tongue of the pen fits the nib closely, 
and if the two points of the nib are closely adjacent all the way to the tip and 
both make close contact with the paper and with each other at the tip as shown 
in (c) the pen is likely to feed well, otherwise not. A i)en will not write well on 
an oiled paper since the capillary action will not permit the ink to crawl be¬ 
tween the pen point and the paper. 

Liquids of low surface tension may be poured in a smooth, fine stream, while 
similar streams of liquids of high surface tension, like pure water or mercury, 
tend to become ripply and to break into drops. 

7.9. Ageing of Surfaces. It is found experimentally that for the more com¬ 
plex organic molecules it takes considerable time, even hours, for the full sur¬ 
face tension to develop, although approximately 
the full value is attained generally in less than 
one minute, even in about 0.001 sec in tlie case of 
water. This suggests that a special arrangement 
of molecules must be required, just as miglit be 
expected when one considers the polar nature of 
some molecules. A water molecule, for example, 
has one end positively and the other negatively 
charged (see Chapter 41). Fatty acids in general 
have one highly soluble radical and another quite insoluble. When palmitic aci<l 
is adtlcd to water its COOH group, being soluble, turns to the water; while the 
remainder of the molecule, being insoluble, stands out. Evidence shows that at 
the surface such molecules really do tend to line up, with their axes making a 
large angle with the surface. Such an arrangement makes for very dense pack¬ 
ing, as is indicated diagrammatically by Fig. 7-8. The diagram, however, in no 
way indicates what may be the actual shapes of the molecules. Such oriented 
layers indeed have physical properties which diiVer from those of the body of 
the liquid—often a matter of importance. Certain highly polar molecules form 
liquids known as liquid crystals, in which the surface layer may induce an 
orientation of a second layer, and so on, the influence extending through hun¬ 
dreds of layers. The thermal agitation di.«cu.«sed al)ovc tends to oppose such 
orientations. 

7.10. Electrical Effects. When strongly polar molecules arc oriented at 

a surface there results a double electrical layer. Since the positivt* and the 

negative charges (sec Cdiapter 41) are present in equal quantities, the surface 

forces may not be greatly affected. But if the orientation takes place at tlu‘ 

interface between two lirpiids, one of which is an electrolyte, an adsorption of 

ions at the interface may occur. C’onsidcn- the case of a drop of mercury in pure 

water. The water molecules (H,.0 or HOH) will form an oriented laver almut 

^ % 

tlie drop of mercury, the positive H ends again.st the metal, and the neirative 
OH pointing outward. This condition favors the adsorption of positive ions, 
hence when a trace of an acid is added to the water the hydrogen ion> will 
become attached to the drop. Tlieir mutual repulsion will neutralize in part the 
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effect of the forces to which surface tension is due. This effectually reduces the 
surface tension and the drop is allowed to flatten. Industrial processes depending 
on surface tension forces, or alterations in them, may be very largely controlled 
through electrical means. In the biological field double electric layers may exist 
about the cells of many tissues in the body (see Chapter 53). Ionic changes 
resulting from hormonal (chemical) or nervous stimulation may be responsible 

for their activities, either wholly or partly. 

7.11. Surface Tension of Solutions—Gibbs-Thomson Principle. The ad¬ 
dition of solutes to solvents usually alters the molecular attractions within the 
liquid and especially the distribution of electric charges at the surface. Also 
the concentration at the surface is likely to be very different from the concenka- 
tion in the body of the liquid. These changes in turn affect the surface tension, 
in other words, the surface energy. Solutes which lower the suiface tension tend 
to concentrate at the surface while those which raise the surface tension avoid 


the surface. This is known as the Gibbs-Thomson principle. This is closely 
analogous to the tendency of bodies to roll down hill where their potential 
energies are less. Applied in general terms to solutions it may be stated thus. 
‘'The concentration throughout a fluid tends to be so adjusted as to reduce the 
energy at every point to a viinimum.” This is in line with a very general prin¬ 
ciple that any change which reduces potential energy will take place if condi¬ 
tions permit or, as sometimes expressed, “energy tends to run down hill.” 

As organic substances (and most other substances) lower the surface tension, 
such solutes tend to collect at the surfaces. Some inorganic salts slightly raise 
the surface tension. This principle finds many illustrations among adsorption 
idienoinena and helps to explain many of the properties of colloidal solutions. 
An illustration of its importance is seen also in einulsoids. Oil and water alone 
will not form an emulsoid; but, if tlie surface tension of the water is lowered 
by adding a few drops of potassium hydroxide, one obtains a milky permanent 
emulsion of oil in water. This is due to the water forming a film over the oil 
droplets and preventing their coalescing. If a calcium soap were used instead 
we would get an emulsion of water in oil, for in this case the surface tension of 
the oil is less than that of the water solution. In each case the curvature of the 
interface is concave toward the liquid of greater surface tension, which is a 
general principle. Bile salts contribute to the absorption of fat from the in¬ 
testines by their emulsifying action. 

Referring again to the case of soap bubbles, sodium oleate greatly lowers the 
surface tension and, therefore, collects over the inner and outer surfaces of the 
soap bubble. As the oleate molecules pack closely on the surfaces, the water is 
really less exposed and can evaporate but slowly. Under ideal conditions of 
humidity a soap bubble may be kept for days. 

A very striking demonstration of the effect of adding a substance to water 
which reduces its surface tension may be readily shown if a jnece of camphor 
gum is available. Simply fill a clean dish with pure water, hold the camphor 
gum over the water and scrape the gum with the point of a sharp knife. The 
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sharp-edged scrapings, falling onto the surface of the water, go into solution 
most rapidly at their sliarpest corners, weakening the surface tension most at 
such points. The camphor gum particles are pulled rapidly away from such 
areas by the less affected portions of the surface. They behave like “whirligigs.” 
The movements may be viewed more readily if use is made of a vertical pro¬ 
jector. Tiny ship-shaped floats will behave as though propelled if bits of 
camphor gum are applied to their sterns. 

7.12. Capillary Active Substances. Certain organic substances lower the 
surface tension of water to such a pronounced degree that they arc called 
capillary active substances. These substances are distinguished by their high 
adsorbability (see Section 8.3) and by their pronounced biological actions. The 
effect of certain anesthetics may be explained on tliis basis. Capillary active 
substances are found in the blood, bile, saliva, and in milk. Their molecules are 
usually large and generally possess one radical that tends to go into solution 
while the major portions are more or less insoluble. Such molecules line up like 
fishline corks with their soluble or polar radical dipping into the water. These 
oriented molecules may form such firmly packed layers that they are able to 
withstand remarkable side pressures, such as may be applied by floats, using 
the technique devclopetl by Adam. Molecules of allnimen will orient at the 
surface to form a coagulated layer. Molecules of cai)illary active substances 
may go entirely out of the body of a solution if they cannot all find room on tlie 
surface. 


7.13. The Coalescence of Liquid Spheres. For a given mass of a liquid 
the total surface varies inversely as the radius of the droplets into which tlie 
volume is divided. This follows from the fact that the volume of a sphere falls 
off as the cube of the radius wliilc the total surface diminishes as only tlie 
square of the radius. Thus any reduction in the radii must lead to a relatively 
greater surface, hence more surface energy. Conversely, the coalescence of 
droi)s must reduce (lie surface energy. Tliereforc, droplets will tend to coalc.-^ce 
in line of the general encrgy-runs-down-hill jirinciplc (called the i)rinciple of 
degradation of energy). It is possible to detect the energy released in the process. 
To prevent such coalescence it is necessary to add an "emulsifier” whicli effects 
a greater reduction in energy by forming a protecting film on the droplets, in 
line with the Gibbs-Thomson principle. 

As a problem suppose that a drop is broken into drops having half the initial 
radius, that is into eight drops (show this). This means that the new surface 
will be twice as great since 


8 X TT ^ 

7r/^2 

Thus the surface energy has been doubled by this reduction in radi\is. The 
student should consider in a similar manner the case of a droj) of ra<lius H 
broken into droplets having radii of only 0.01 R. 
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These calculations should make clear the fact that cell division and cell 
phenomena in general are closely related to energy requirements and releases. 
7.14. Other Applications of Surface Tension. Surface tension plays an im¬ 
portant part in the process of blood-clotting. Flowers of sulfur float on water but 
sink in water containing bile salts, an important test in medical practice. 
Mosquito larvae hang suspended from the surface by their breathing tubes. An 
oil film on the surface so lowers the surface tension that the larvae sink. The 
rapid spreading of oil on water is due to the pull of the pure water surface away 
from the oiled spot. The failure of water drops to spread on a greasy plate is 

explained on the same basis. 

The spherical form of marine eggs may be attributed to surface tension. 
Surface tension is involved also in gland secretion and in the formation of urine. 
Since the surface tension of an interface is measured by the energy of the 
surface, it is not surprising that living plant and animal bodies, which are 
entirely constructed of cells involving immense areas of interfaces, should in 
large measure utilize or liberate energy directly or indirectly through changes 

in surface tension. 

Even the destruction of bacteria by the white corpuscles of the blood depends 
much on changes in surface energy. Such changes enable the corpuscle to com¬ 
pletely surround the bacterium, after which it is gradually absorbed by the 
corpuscle. The success of this operation may depend on the formation of a 
monolaver of an antitoxin on the bacterium. 


Problems 

1. Find the surface tension of a fluid that rises 8 cm in a tube of radivis 0.004 cm. 
.\ssume (} = 1.3 fim'^cm^ and a = 0°. (dns. 20.4 dynes/cm) 

2. How hidi would water at 20°C rise in a "lass tube of radius 0.06 cm? 

3. IIow much would a mercury surface be depressed in the tube of Problem 2, 
assumin" a contact angle of 150° and a temperature of 1S°C? (A«s. 1.13 cm) 

4. In a capillary tube experiment a student used a tube so contaminated that the 
angle of contact l)etween the water and the glass was 18° instead of 0°. What per cent 
of error was thereby introduced, assuming the water remained pure? Cos 18° = 0.951. 

5. Find the pre.ssure in a .«oap bubble having a radius of (1) 3 cm and (2) 0.3 cm, 
assuming T = 30. (d?(s. 40 dynes'enr; 400 dynes/cm“) 

6. The glass tube of a physician s mercury sphygmomanometer has a radius of 0.15 
cm. What error Is involved due to capillary depression, assuming a = 145° and a tem¬ 
perature of 1S°C? 

7. Given a faultv F-tube water manometer of which the radius of the tube on one 
.side is /?, and n the opposite side With no pressure on, the water stands h centi¬ 
meters higher on the side of the smaller tul>ing. Taking the density of the water as 1 
and the acceleration of gravity as g, show that if Ri is less than R2. 

9 \Ri RJ 

fSuggestion: Write down an equation of pressures.) 

8. Explain why the ink of a fountain pen does not drop off freely, yet will flow off 

the pen onto ordinary paper but not onto waxed paper. 


SUGGESTED READINGS 


9. Oiled needles carefully laid on the surface of water will float. Explain and show 
how this action may be reconciled with Archimedes’ principle. Certain in.sects are apiiar- 
cutly able to walk on water. The same explanation applies. 

10. If air is bubbled from the end of a capillary tube immei-sed in water show that 

the driving pressure must be greatest when tlie radius of the bubble is the same as that 
of the tube. 


11. In what ratio would the total surface be increased if a drop of radius R were 
broken up into droidets of R '5? (Ans. 5 times) 

12. It is found that a liquid of specific gravity 1.2 rises only 2.4C cm in a tube hav¬ 
ing a radius of 0.02 cm though its surface tension is 3G dvnes/cm. Find the angle of 
contact. 

13. How high will a solution rise in a vertical manometer tube having a radius of 
0.04 cm if its surface tension is 40 dynes cm, its specific gravity 1.1, and the angle 
of contact is 14° ? If this tube were inclined at an angle of 13° with the surface of the 
solution, how far would the solution then move along the tube from the level of the 


outer surface, assuming the inclination of the tube does not aflect the vertical height 
reached by the surface? (d/is. l.SO cm; S.OO cm) 

14. Compute the surface energy in ergs of an olive-oil drop 1.2 cm in diameter if 
suspended in a solution in which the interfacial tension is 22 dyne.s/cm (or crgs/(’in“). 
To what value wo\ild this surface energy rise if the drop were broken into a million 
droplets to form an emulsion? 

15. From the answers to Problem 14, would you expect large drops to i>rcak up 
spontaneously into droplets, or the droplets of an emulsion to tend to coalesce? E\'i>lain. 
Brielly account for the permanence of emulsions. 

« it in water, due to it.s surface ten.sion, 

if the hydrometer stem has a diameter of 1.2 cm? 


Suggested Readings 

Adam, N. K., The Physics atui Chemistry of Surfaces. (Oxford Universitv Pre.^s, 1941) 
Burns, David, An Introduction to Biophysics. (J. and A. Churchill, London, 1929) 
Findlay, A., Physical Chemistry for Medical Students. (Longmans, Oreen A C'o.) 
(Ilasser, 0. (Editor), .Medical Physics /. 2iul ed. (Year Book Puldisheis, Inc., LioOi 
Mendenhall, G. E., Eve, A. S., Keys, 19. A., and Sutton, It. M., Colleye Physics. I D. 'C. 
Heath & Company, 1050) 

Stuhlman, O., An Introduction to Biophysics. (John Wiley & Sons, Inc., 1943) 
Webster, 11. C., ami Robertson, I). F., Medical Physics. (rniver.-^ity of (^u(M*n.<land, 
Bri.sl)ane, Australia, 1948) 

Whshart, G. M., Groundwork of Biophysics. (G. Bell and Sons, Ltil., Lojidon. 1931) 
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Oricrinallv adsorption was defined as the condensation of a gas on the surface 
of a solid. Many writers referred to the layer thus formed as a gas skin, for it 
was believed that gas molecules thus packed were much closer together and, 
therefore, were attracted to one another much more strongly tlian in the body 
of the gas in contact with the adsorbing solid. Similar phenomena having been 
observed at interfaces other than those between gases and solids, the term 
adsorption was extended to apply to any change of concentration at any 

gaseous-solid, gaseous-liciuid, or lic[uid-solid interface. 

The nature of the i)henomenon may be shown conveniently by a brief descrip¬ 
tion of the difficulties of obtaining a high vacuum. Suppose a radio power tube 
were sealed to a vacuum pump for the purpose of evacuation. At first the pres¬ 
sure would fall rapidly, but a virtual minimum would soon be reached below 
which even the best of vacuum pumps could hardly creep. But if the pump 
were stopped for a few days, quite an apprccialile pressure would develop. 
Renewed i)umi)ing would attain a new and lower minimum. Continuing tiiis, 
with rest and pumping periods alternating, a better and better vacuum would 
be obtained; but a month of this process would be needed to exhaust the tube 
sufficiently for commercial purposes. If, on the other hand, the tube were raised 
to a temperature as higii as the glass could stand, and the metal parts heated by 
special means to white-hot temperatures for a few minutes, or a few hours pos- 
sibly for some tubes, it would yiehl a satisfactory vacuum. In practice the work 
of the pumps is supplemented by the use of substances called ‘‘getters” intro¬ 
duced into the tubes to maintain the vacuum through adsorjition or by chemi¬ 
cal action. These general observations would seem to imlicate that surprisingly 
large quantities of gases may be a<lsori>ed on the surfaces of solids, that these 
gases slowly evaporate from the films I if one may use the term “evaporate” for 
this process), and that the rate of this evaporation increases rapidly with in¬ 
creasing temperature. Cne would conclude that the molecules within at least 

some films cohere verv much like the molecvdes of a licpiid and must be cor- 

% 

respon<lingly condensed. 

8.1. Adsorption of Gases on Gaseous-Solid Interfaces. The example just 
given illustrates most of the principles involved, but the nature of the problem 
is such that it is very difficult to obtain re.sults sufficiently quantitative to 
(‘stablish any law definitely. For example, a great deal of evidence and theoreti¬ 
cal considerations would support the view that the adsoiBed layer consists of 
a single layer of closely packed molecules. But in some cases the quantity of 
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the gas given off by a surface is entirely too great to support this view, if one 
accepts the values usually given for the molecular cross-sections involved. 
And yet, what may appear to tlic eye a i^olishcd surface may be as a rock pile 
to particles of atomic sizes so that one cannot know the surface actually avail¬ 
able for adsorption. 

Just as capillary action depends on the type of molecule and the solid con¬ 
cerned, so does adsorption depend on the kind of gas, the kind of solid, and the 
physical condition of the surface. Especially porous solids have enormous 
surfaces exposed and may adsorb many times their own volume of gas. For 
example, 1 enr'^ of charcoal at 0‘"C will adsorb 5 env^ of nitrogen, 75 env* of 
ethylene, and 121 cm'* of ammonia. Lemon and others have discovered ways 
of “activating” charcoal so as to increase greatly its adsorptive powers. This 
discovery was of great importance in the manufacture of gas masks, as the 
action of these depends on adsorption. Even the surface of glass appears to have 
fissures or to be porous, and the difficulty of exhausting the tube mentioned 
above is due without doubt to the time required for the adsorbed gas within 
the pores to diffuse out to the surface and to evaporate. Even the molecules 
of the outer surface may be so closely bound that their rate of evaporation is 
very slow, depending of course on their nature and on the temperature. 

It is believed that asymmetrical molecules, especially strongly polar mole¬ 
cules, may form an adsorbed layer of definitely oriented, closely packed, and 
highly coherent and adherent molecules. Such a view would explain the great 
difficulty of ridding surfaces of adsorbed water vapor. 

Where a surface is exposed to more than one type of gas the more adsorbablc 
gas tends to displace the less adsorbable one. The replacement of an ad.sorbed 
material by a more adsorl)al)le one would indicate that an adsorbed layer of 
molecules is not static. Considerable use of this fact is marie in chemistry and in 
the dye industry. It is the basis of the chromatographic separation of pigments, 
for example. In this process a solution of mixed pigments is filtered through a 
tube containing solid adsorbing material. Tlic pigment of greatest affinity will 
command first place and will be found in the top layers. The next in order of 
decreasing adsorbability will be in the next layers and, in the end, the number 
of pigments present will be revealed by the number of zones. These may be 
mechanically separated and the various pigments thereby isolated. In biology a 
highly ad.sorbal)le drug may replace the molecules normally adsorbed on an 
particular type of cell and thereby produce clianges of vital importance. The 
electrical properties of the solid and also of the gas molecules are the essentially 
important factors. 

8.2. Considerations as to Temperature and Time Effects. The molecules 
of the adsorbed layers have thermal agitations in keeping with the temperature 
and the restraining forces at the adsorbing surface. Those chancing to acciiiire 
abnormal velocities break away from their fellows and leave spaei’s that may 
be filled by either like or unlike molecules. If high vacuum conditions have bee n 
established about the surface the spaces left may remain unfilled. .V rise in 
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temperature would bo expected to increase the probability of escape, just as is 

oilserved experimentally. , a 

There appears to be a sort of equilibrium condition for each temperature. A 

Inilb heated and exhausted at 200‘’C will not hold its vacuum if operated at 
300°C but one exhausted at 300°C will stand up as well at 200°C. The com¬ 
pleteness with wliich an adsorbed gas is driven from the surface depends on the 
nature of the gas as well as on the temperature, just as the evaporation of a 
li(iuid depiaids on its nature. An interesting apiilication of the temperature effect 
is the use of charcoal as a high vacuum pump. A bulb filled with charcoal is 
attached to a vacuum system and strongly heated during the exhaustion. hen 
the limit of the pump is reached the system is sealed up. On cooling the charcoal 
the residual gases are largely adsorlied. It desired they can be sent back into the 
system at any subseciuent time by simply heating the chaicoal. 

If a bulb that has been thoroughly baked and exhausted—that is, "degassed 

_is opened to the atmosphere and left for some time it may then be re-e\acu- 

ated within a fraction of the time required for the first exhaustion. It is a 
common commercial practice to pretreat metallic parts by subjecting them to 
vacuum-oven conditions before building them into vacuum tubes, because it 
shortens the time subsequently required to obtain a vacuum. These considera¬ 
tions show the importance of the time element and support the view that 
adsoiTed layers of gases consist of oriented molecules on and within the ap¬ 
parent surface of tlie solid, for such arrangements woidd require time. The 
time needed varies with both the solid and the molecules concerned. 

8.3. Adsorption at Liquid-Gaseous Interfaces. According to the Oibbs- 
'fhomson princijile, sub.^tances in solution whicli lower the surface tension tend 
to concentrate at tlie surface; substances having the opposite effect tend to leave 
the surface, ('apillary-active substances rapidly concentrate at the surface. If 
the surface area is greatly increased l)y Inibbling air througli the solution, or 
by the i)roduction of a foam, and the foam removed and condensed, the active 
substance will be found more highly concentrated in the condensate than in 
the original solution. If the viscosity of the liquiti composing the bubbles is 
matle high l>y this conciaitration, the foam may hardly condense at all. 

A familiar example of this is afforded by the process of making homemade 
jellies. Tlie surface and foam ^-kimmings <li(Ter in taste and consistency from the 
main product on account of the concentration of capillary active substances at 
tlie surfaces. Some commercial processes hinge on this princii)le. The foam which 
is whipped onto the banks of lakes dviring storms may carry with it so much 
active mateiial that it may take hours to evaporate. Fortunately such action 
tend< to purify the water. 

8.4. Adsorption at Liquid-Liquid and Liquid-Solid Interfaces. The cell 
structure of animal ami plant bodies provides enormous areas and any general 
change of surface concentration^ will involve corres]iondingly great energy 
, In colloidal solutions adsorption may play the major role because 
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of 1' lelatively large areas involved. If, say, 10 cm^ of a stibstanee were in 
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solution in the form of colloidal particles about two ten-millionths of a centi¬ 
meter in diameter their total area would amount to over seven acres. 

An inteiesting case is that of the adsorption of water by gas-free charcoal, for 
the volume adsorbed would seem quite impossible. The explanation is that in 
the adsorbed layer the water molecules are oriented in an orderly manner, the 
dense packing which thereby results making for a net reduction in volume; in 
fact, the adsorbed or “bound” water may occupy only three-quarters of its 
normal volume. In becoming thus compressed it gives out heat energy, the 
adsorbed layer has scarcely any vapor pressure and can hardly be frozen. (This 
explains why it is very difficult to remove gases from solid surfaces even under 
heat and vacuum conditions.) The water in the bodies of insects and plants may 
be so strongly adsorbed on the colloidal particles of their cells that the tem¬ 
perature may fall as low as -50°C without causing the water to freeze and dis¬ 
rupt the cells. On this basis the hardiness of certain insects and plants to low 
temperatures can be explained. 

Adsorbed salts may be so concentrated that both their physical and their 

chemical properties may be altered. Many pliysiological processes could not 

even take place cxcci)t for this concentration. Adsorbed salts are osmoticallv 

% 

inactive and, being bound to the surface, take no active part in the solution. 
Catalysts are substances which, without suffering any permanent change them¬ 


selves, affect the rate of reaction of other substances and in some cases bring 
about reactions which would not take place except for their presence, (ienerally 
their action is due to changes in concentration or in electrical condition brought 
about througli the process of adsorption and is of basic imiiortance to many in¬ 
dustries. In fact their failures are often due to the interference of adsorbed 
layers of more adsorbal)le but inactive substances. The action of tlic organic 
catalysts, called enzymes, which largely control many physiological ])roccsses, 
may depend in like manner on adsorption. They are complex colloidal particles 
on which the reacting sul)stances arc so strongly adsorl>ed as to make readily 
accessible the one sul)stance to the other and thereby to increase the speed of 
reaction, whatever its nature. 

It is apparently by adsorption that antitoxins are al)lc to neutralize toxins. It 
is believed that by adsorption they lower the interfacial tension and make it 
possible for the white cells to envelop and destroy the invading protein particle. 
Allergies may be due to “selective” adsorption. Also immunization may depend 
on adsorption. The use of colloidal ferric hydroxide as an antidote for ar.-^enic 
l)oison is based on the adsorption of the latter on the surfaces of the colloidal 
particles. The toxicity of many heavy metals, like copper for example, is be¬ 
lieved to be due to the accumulation of the metal at the boundarv levels in 

% 

tissues, where they interrupt the passage of essential materials. The action of 
certain anesthetics is attributed to the gelatinization of the i)rotoplasm through 
adsorption processes. Water may be purified by filtration througli sand i)eds or 
silt because the oli.iectionable organic impurities are likely to lie capillary-active 
substances and readily adsorl)able on the surfaces of the sand particles. 
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Many cln.gs are adsorbed on cell surfaces and thereby produce effects far 
greater than might be expected from the quantities of drugs taken. Adsorption 
compounds are alnindant in living bodies. The staining of cells and tissues as 
practiced in biology and in medicine is believed to depend on selective adsorp¬ 
tion. The use of charcoal as deodorizers and for the clarification of solutions is 
due to its high efficiency as an adsorbent. The adsorption of salts by the colloids 
of the soil has prevented the removal of many plant foods by the washing of 

rain. _ . i . i r c 

8.5. Electrical Adsorption. The electrical condition at any kind of surtace 

of any kind of substance is likely to be very ditTerent from that within the 
substance. The kind of ions adsorbed or the end of neutral polar molecules 
which will be held fast will depend on the charge of the adsorbing surface. Ions 
adsorbed through precipitation on colloidal particles cannot be removed by 
washing but may be replaced readily by certain other ions of the same sign. In 
the dyeing industry it is found that the dye ions which are negative will dye 
only substances which become positively charged in solution, and \ice \ersa. 

The Gibbs-Thomson principle may or may not hold in the case of electro¬ 
static adsorption. 

8.6. Theoretical Considerations. There are few well-establi.died theories as 
to the exact nature of adsorption. In some cases the action seems to be one 
of a mere physical packing of the adsorbed molecules. It is believed that in some 
cases, at least, the a<lsorbed molecules are chemically united with the adsorbent. 
Ccrtainlv, the electrical properties of both the adsorbent and the substance ad¬ 
sorbed play an important part. It must be borne in mind that diffusion operates 
to oppose the concentration at tlic surface and that the final division of a sub¬ 
stance between the surface and the body of tlic gas or liquid represents a 
balance between the forces causing diffusion and those causing adsorption. 

For any case an equilibrium relation tends to be estal)lished between the 
quantity adsorbed and the (piantity remaining unadsorbed. A subsequent altera¬ 
tion of any condition, such as the dilution of a solution, will alTcct the quantity 
adsorbed. .\lso, as mentioned al>ove, a less adsorl)ablc substance will always be 
replaced by a more adsorbablc one in spite of its ‘‘first chance.” These facts siip- 
])ort the view stated above, that adsorbed layers, at least in many cases, are 
not more static than a liquid surface and that the behavior of the molecules 
in each is what one would expect on the basis of the kinetic theoiy of matter. No 
other explanation seems so plausible. 

8.7. Recent Advances in the Fields of Surface Tension and Adsorption. 
Certain fundamentally important research work carried out by Langmuir and 
bv others has broiuiht to light much new evidence bearing on the nature of sur- 
face tension and adsorption. Our j'lresent view holds that adsorbed layers of 
molecule.s may be classified as two-dimensional gases, two-dimensional liquids, 
or as two-dimensional solids. To illustrate: mineral oil (such as hexadecane, 
('H.dC'H.d| 4 CH.,) has its carbon atoms arranged in a long chain, it is in¬ 
appreciably volatile and is insoluble in water. On water a drop of this forms an 
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oil lens about 4 mm thick. The force which keeps the drop from spreading more 
under the influence of gravity measures 12 dynes/cm. 

Large numbers of oils and fats form very thin films on water, say 10’^ cm 
thick. Such molecules include a certain group of atoms having an affinity for 
water; that is, they arc hydrophilic, such as OH or COOH. That part of the 
molecule which has no affinity for water is called hydrophobic. Films on water 
w ill spiead only until all liydrophilic groups arc in water and the surface ten¬ 
sion of the water beyond is unaffected. By measuring the volume of the drop 
and the area of the sjiot, one can calculate the thickness of the film wdiich is the 
length of the molecule. For stearic acid this is 24 x 10”'^ cm. Then, from a 
knowledge of the numlier of molecules originally in the drop, the area occupied 
by each can be calculated. This gives the cross-section of the molecule, the 
value being, in the case of stearic acid, 20 X 10-^« cm^. This means a diameter 
of 4.5 X 10-8 and a length of 24 X 10-® cm. Further details as to the nature of 
the end group in a long molecule can l>e dcterminetl and in some cases it has been 
possible to decide which of two suggested molecular structures is the correct 
one. E\ on the flexibility of some long molecules has been made evident. 

A study of the lateral pressures along the surfaces of liquids has shown that 
the forces exerted l)y the molecules in a gaseous-type film are the same as 
tliey show ordinarily in three dimensions. Their variations with temperature 
and even the gas constant (see Chapter 15) arc the same as for gases. 

In the case of nonvolatile and insoluble fatty acids, the spread of the film is 
not unlimited; but rather it seems confined to a definite area, as though held 
together by their intermolecular forces. Therefore, they iiehave like a two- 
dimensional liquid or solid, for in these states substances have limited or definite 
volumes. 

In the three-dimensional world, solids and liquids are very similar in com- 
pre.ssibility and in volume. Films which are nongaseous in character are called 
condensed films, and they may exist in cither the liquid or the solid state. The 
difference between the two may easily be determined exi)erimentally, as the 
li(|uid films yield readily to distorting forces and solid films do not If one 
dusts particles of talc on the surface of a liquid and then blow^s obliquely and 
gently onto the surface, the particles will move in currents if the films arc liquid. 
But they will remain rigidly in definite positions when the surfaces are solid 
in character. For intermediate states the particles are moved, but with a dif¬ 
ficulty depending on the viscosity of the liquid film. One method of determining 
the nature of the film involves the use of a thin aluminum disk suspended on 
the surface by a very fine tungsten wire, as shown in Fig. 8-1. If the top of the 
disk is twisted through a certain angle, the bottom follows through the same 
angle, in the case of liquid films. The time required for the lower disk to make 
the turn gives a measure of the vi.scosity of the film. In the case of .'^olid films 
the lower disk will yield but slightly. A solid which in the t)ure state yields a 
lifluid film may yield a solid film if in an impure state; e\'en one part in one 
hundred million may cause a change from one form to another. 




ADSORPTION 


If a i>ure hydrocarbon is placed on alkaline water an interfacial film is 
formed, which is simpler in general than in the case of liquid-gas films. If petro¬ 
latum oil containing one part of stearic acid to several million parts of the oi 
is placed on water, it will remain a globule with a contact angle which will keep 
changing until the stearic acid is all at the interface. If concentration is changed 
to one part in 100,000, then the drop will spread rapidly to a definite size repre¬ 
senting the area required to give each stearic acid molecule room at the inter¬ 
face. The amount of petrolatum present, within limits, has no effect. "W hen 

this area has been occupied, but not before, there 
is a balance between surface tension forces and 
the sidewise pressure of the two-dimensional gas. 
With a concentration of 1 to 1000 the film rapidly 
spreads until it is so thin that iridescent colors 
appear, due to interferences of the light reflected 
from the two surfaces of the film. As the color is 
definitely related to the thickness of the film, the 
color offers a convenient and rapid means of de¬ 
termining molecular dimensions. 

When the same film is spread on the surface of 
acidulated water, the area per molecule is only 
about half that found on the surface of alkaline 
water, and the readiness to spread is exceedingly 
sensitive to temperature changes. On the acid 
surface the molecules are still stearic acid; 
whereas on an alkaline surface they become mole¬ 
cules of soap individually absorbing water mole- 




Fig. S-1. Method of suspend¬ 
ing a light disk designed to 
determine the nature of a sur¬ 
face film (Adapted) 


cules and therefore requiring more area per molecule. Solutions whicli include 
traces of stich substances as calcium, magnesium, sodium, and potassium may 
give rise to most interesting phenomena. The behavior of the film is so sensitive 
to changes in acidity or alkalinity that even the CO^ of the air may cause 
striking changes in the area occujiied l)y each molecule. Sodium and potassium 
greatly increase the area jier molecule, in fact they make the film gaseous; 
whereas calcium and magnesium tend to make the film solid with very much 
reduced area per molecule. Calcium and sodium thus have mutually antag¬ 


onistic actions on these films. 

Thus we have an extilanation of the observation of biologists that the perme¬ 
ability of the walls of cells and many other properties depend very greatly 
on the ratio of the concentration of tlic calcium to that of the sodium salts in 
the svirrounding medium. It is l)elieved that tiie cell walls and the interface films 
are very similar and that a study of the latter, whicli can be carried out even 
quantitatively, will continue to throw much light on the fundamental principles 
having to do with the apparently complicated deiiendence of living cells upon 
the composition of the surrounding medium. Indeed it has been found possible 
t' build up films which exhibit some of the properties of cellular membranes. 
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Viscosity 
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Fluids arc characterized by the comparative freedom of their molecules to 
move about within the body of the fluid, that is, by the absence of the com¬ 
pletely fixed molecular positions characteristic of solids. Fluids are thus able 
to offer no permanent resistance to any forces, however small, that tend to 
change their shape. But the rate of yielding to a deforming force depends very 
much upon the nature and condition of the fluid. This transient resistance to 
deforming forces is called viscosity and is a most vital matter in the flow o 
fluids in the bodies of animals and in the action of the cells of the body, as well 
as in the flow of fluids of industrial importance. The wide variation in vis¬ 
cosities may be illustrated by merely naming the following fluids: air, alcohol, 

water syrup, pitch; or by reference to the 

range of lubricants var\'ing from the light 
watch oil to cup grease. 

9.1. Coefficient o£ Viscosity. Suppose a 
viscous fluid to fill the space between the 
two extensive planes, M and iV, as shown 
in Fig. 9-1 and that the upper plane is be¬ 
ing forced to move with a velocity of v with 
respect to the lower. Consider a limited por¬ 
tion, .4, of this surface and let d be the dis¬ 
tance between the planes. If F is the force 
corresponding to the area A, then, for any 
liquid, F would be expected to vary directly 
as .4 and v, and inversely as d since the greater d the smaller the rate of the 
deformation of any unit cube, say as represented by cjgh, for a given value of 
V. These expectations arc realized experimentally. 

Expressing this algeliraically: F ^ Av^d or F = rj Av/d where -q fthe Greek 
letter eta) is the constant of variation. Only q wmdd be changed by a change 
in fluid, so q, being a constant characteristic of the fluid, is called the coefficient 
of viscosity. If it were arranged so that .4 = 1 cm, d = I cm and v = 1 crn/sec, 
then the equation would reduce io F = q. Therefore we may define the coeffi¬ 
cient of viscosit}! as the tangential force in dynes per square centimeter on 
either of tu'o parallel planes, one centimeter apart, necessary to give a relative 
velocity of one centimeter per second when the space between the planes is filled 
v'ith the viscous fluid. Referring to Fig. 9-1 it is seen that q measures in dynes 
the force required to keep the unit area, represented by fg, at a velocity of 
1 Qxn/scc with respect to eh. 



__N 

Fin. 9-1. Illustrating the slipping of 
lavors of Iluid in motion, one over 

another 
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MEASUREMENT OF THE COEFFICIENT OF VISCOSITl 
The equation above may be written in the form 
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Fd 


n = 


_ F/A 

V/d 


In words this may he written, Coefficient of viscosity = Shearing stress/Rate of 
sfiear, since F/A gives the force per unit area and v/d the instantaneous 
angular velocity in radians per second (see Chap¬ 
ter 13) of a line like ae. This relation likewise may 
be considered a definition of the coefficient of vis¬ 
cosity and is the form often given. Using absolute 
units /' is measuretl in dynes, ..4 in square centi¬ 
meters, d in centimeters, v in centimeters per second, 
and T! in poises, the name given the unit of vis¬ 
cosity. 

9.2. The Measurement of the Coefficient of Vis¬ 
cosity. It is not practicable from an experimental 
viewpoint to determine the coefficient of viscosity 
of a fluid by any direct attack such as suggested 
by Fig. 9-1. A near approach to a direct method 
employs two coaxial cylinders having the space be¬ 
tween their walls filled with a viscous fluid, one 
cylinder being rotated and the other registering 
through suitable means the torque involved. In 
some cases viscosities are compared bv ol)scr\’ing 
the times required for a given force to cause a cer¬ 
tain number of revolutions of an inner cylinder 
against the viscous forces due to the liquid fill¬ 
ing the sjiace between the cylindrical walls. 

The capillary tube method is perhaps the sim¬ 
plest from an experimental point of view. In any 
tube or ])ipe in which a fluid flows the layer in con¬ 
tact with the walls is held stationary and restrains 
the adjacent layers by internal friction, anotiier 
name for viscosity, to an extent di-creasing from the 
wall toward the axis. Along the axis, the fluid, being 

least restrained, lias tlie highest velocity. The shearing motion is very similar to 
the motion of the cylindrical shells of a telescope. jSuppo.se a cajiillary tube to he 
connecteil to ve.ssels of liipiid as indicated in Fig. 9-2. Assuming tliat'water fiow- 
mg into the upper ve.<sel keeps its level at A, it is obvious that the volume F of 
the fluid flowing out through the (uIh- will depend on the effective .Irivim^ piU- 
sure V (due to water depth //), the radius of the tube R. the leii-lh^of the 
tube L, the time t. and (he coefficient of viscosity >/. The exact relation esfab- 
hshed theoretically and experimentallv is 

to 



Fic. 0-2. Laboratory np- 
liar.atns for detennining the 
coefficient of viscosity of .i 

hijiiid 


r = -rrpRH SLr, 


fPoiseuille’s lapiation) 
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From this it follows: 


rj — pTrR'*t/SLV 

All the quantities on the right side of the equation may be measured conven¬ 
iently in the laboratory and the value of ij thus determined. The method of using 
the apparatus shown in Fig. 9-2 and of obtaining the data needed to determine 
p, R, t, L, and F, will be left to the imagination of the reader. 

Neither of the methods described above, however, could be used practically 
by a physician wishing to test the viscosity of the blood of a patient, on account 

of the lack of portability, the quantity of blood 
needed, and the time required since coagulation 
would set in and introduce difficulties. For such tests 
use is made of a viscosimeter such as shown in Fig. 
9-3. In using this, one merely collects a drop of 
blood on B and observes the time required for the 
meniscus to move from a to b. Since the time will 
vary directly as the viscosity and inversely as the 
density, 



i 


d 


or 


dt 


Fin. 9-3. Simple tube for 
moasurinff the viscosity of 

blood 


or, comparing two liquids: rj^/rjo = d^t^/d.J^ and 
Til = V 2 ^fiti/dot 2 - As one usually expresses the vis¬ 
cosity of blood in terms of that of water, one needs 
but to make a similar observation for water. In 
fact the time for water, is usually marked on the 
tul)c by the manufacturer, the density of water, d^, is taken as unity and that 
of blood, dj, is taken as constant. The formula tlius reduces to = constant 
X The results obtained are sufficiently accurate for practical purposes, al¬ 
though the method could hardly be considered one of precision. 

9.3. Numerical Values of the Coefficient of Viscosity. The values for ?/ for 
all common fluids have been determined experimentally: tliose for certain fluids 
of importance in biolog\' and medicine are listed in Table 9-1. 

It should be noted that there arc many organic liquids which do not show 
normal behavior with respect to the laws of viscosity. The rate of flow docs 
not increase linearly with the applied ])ressurc and in this as well as in certain 
other respects the liquid acts as though it had some of the properties of a solid, 
such as elasticity and structure. Among such liquids may be mentioned rubber, 
certain soap solutions, agar, gelatine, dyes and proteins in general. Some of 
these liquids tend to spring back when distorted and their peculiar properties 
are of biological importance. This may be due to one end of their long flexible 
molecules becoming ad.'^orbed on the wall of the tube. It is hardly possible to 
assign any particular value to their viscosity. Jellies appear to be networks of 
fibers enclosing ])ockets of li(|uid. When pressure or mechanical action break 
these they may show normal viscositv. 


THE NATURE OF VISCOSITY 
Table 9-1. Coefficient of Viscosity of Various Fluids 
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riuid 

Viscosity 
(in poises) 

Temperature 

Alcohol, ethyl 
Chloroform. . 

Glucose... 

0.01192 

0.00564 

27,000. 

ft Q 

20°C 

20 ° 

Gh'cerin.... 

67° 

Mercury.... 

n ni R7 

20 ° 

Castor oil. . 

Olive oil.... 

U.Lv i 01 

9.86 

20 ° 

20 ° 

1 ^ 

Protoplasm. . . 

U.o*x 

n OK Kr\r\* 

20 ° 

Blood. 

10 ouu 

n HQ 

20 ° 

Water. ... 

U.Uo 
n ni Q 

37° 

Water . 

U.Ulo 
n ni 

0 ° 

Water . 

Water. . . 

Air . 

u,u l 

0.0066 

0.002S4 

n nnni *71 

20 ° 

40° 

100 ° 

Air . 

u.uuui / 1 
c\ nnn 1 c 7 

0 ° 

Air . 

CO->. .. . 

1 • 

U.UUU i r> 1 

0.000229 

0.000160 

0 h: 
00c 

00c 


♦Depending on source, temperature, and condition. 

9.4. The Nature of Viscosity. For the case of liquids the visco.-^itv falls with 
increasing temperatures but not according to any simple law. If the viscosity 
of water at 0°C be taken as 100, then its viscosities at 30». OO" and 70“C 
are 4 , 27, 23 5, respectively. The great dependence of the visc’osiUe’s oToiL on 
their tempera ures is well known and is a very important matter from a practi¬ 
cal standpoint. For example, the lubricants used in an automobile are not the 

same m he summer as in the winter season wherever there is a considerable 
range m temperature. 

solUr ’f eases is quite different from tbc external friction of 

so ids, as It IS due mainly to the transfer of momentum from one layer to an- 

o ler (see Chapter 15). Consider two adjacent layers .4 and B, .4 being in con¬ 
tact with the surface of a solid being moved by a force F. Molecules from 4 
will have greater forward momenta than those in B- hence, in crossing over as 
a result o ordinary moleailar motions, they will impart their forward momenta 
to the molecules of B But molecules from B crossing into .4 will either slow up 
the molecules m the latter layer or else acquire additional momenta at the ex- 

, 1 ^ of A with respect to ^\he greater 

the momentum interchange and the greater the force required. This is in sharp 

contrast with the case of friction between solids which, throughout wide limits 
IS independent of the relative velocity of the moving surface. 

With ga.ses the effects of pressure and temperature changes are ino.^t interest¬ 
ing. If the i.ressure were halved each molecule wouM have twi.e as long a free 
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patii between impacts. Hence the direct interchange of momentum would be 
tlirough a layer twice as thick and this effect would exactly balance the effect 
of having only half the number of molecules striking. Thus the surprising con¬ 
clusion is reached that the viscosity of a gas should be independent of the pres¬ 
sure. Experimentally, it is found that the viscosity of a gas actually does not 
diminish with decreasing pressures until the pressure reaches such low values 
that molecules begin making interchanges of momentum directly between the 
moving surfaces. The pressure effect being nil, one would expect the viscosity to 
increase with increasing temperature since molecules at higher temperatures 
would have higher velocities and make more frequent trips between layers. This, 
too, is found to be the case as the viscosity of a gas varies directly as the square 
root of its absolute temperature. 

9.5. Effects of Particles in Suspension on Viscosity. Referring to Fig. 9-1, 
if a sheet of some solid were drifting in the fluid at some point between the 
planes, M and N, the force required to give M the same velocity would be 
greater since tiie effective value of d would be diminished. In other words, the 
slippage of layers would be confined to a smaller body of the fluid. Tliis would 
give a higher apparent value for t?. This is a general effect whatever the shape or 
size of tlie particles in suspension, and the apparent increase in the viscosity 
depends on tlie relation between the total volume occupied by the particles and 
the volume of the fluid itself. According to Einstein, if 7 ,^ is the viscosity of a 
liquid witliout particles in suspension and tj with spherical particles occupying 
a fraction G of the total volume, y = yj\ + 2.5(7). For disk or rod-like par¬ 
ticles the coeffleient of G is greater than 2.5. Tliat this is a matter of importance 
m the flow of the blood is shown by the great dependence of the viscosity of 
blood upon its coi'inisclc content. Blood scrum alone has a viscosity of 1.9 X 
where is the viscosity of water. Serum containing 3.2 X 10^, 6.3 X 10** and 
12.6 X 10''* corpuscles per cubic millimeter show viscosities of 3.3r;,^., 4.9^ and 
15 . 67 ;,^, respectively. Normal human blood has a viscosity of 4.57,,,, which means 
that the heart must do nearly 4.5 times as much work to force the blood 

through the vessels as it would were the viscosity of blood the same as that of 
water. 


Tlie effect is particularly important in tlic case of the capillaries where the 
corpuscles may completely fill the passage and thus virtuallv reduce to zero 
the slippage of the layers of the liquid. Indeed blood will not flow through them 
at all until the pre.^sure exceeds a certain minimal value. Practical studies on 
the swelling of bacteria and on the action of enzvmes on particles have been 
made through observations on the accompanying variations in viscositv j\Ianv 
mdustrial processes involve the movement of fluids holding particles in suspen¬ 
sion and. therefore, depend much on the viscosities of the fluids concerned. 

9 6. Importance of Tube Diameters. The great dependence of the flow of 
fluids on tube diameters is shown by Poiseuillc’s relation: 


V = irpRH/SyL 


illustrations 


/5 


of U c i li ! 7" ' 7" power 

7r. nil as the length. All other factors remaining the same 

Lm I'r ''‘■‘'■‘■y °"‘y o"o '>onJ>'od millionth as much as a vessel one 

lumd.ed tunes As d.ameter (still a small vessel). This means that the total 

r,7r;T ' 11 >-M>idly increase as one goes from 

. «ii to smaller vessels. It has been estimated that the cross-section of the 

enhre capillary system is nearly 800 times that of the aorta 
Physicists recognize this principle when making experimental arrangements 
for obtaining a high vacuum by the use of as large and as short a tube as pos¬ 
sible between the pump and the vessel to be exhausted. For example, a 2-cm 

^ ‘•‘‘'‘'"‘'ter would offer more resistance than a Ki-mm 

uhe 500 cm long. Large vacuum chambers may require exhaust outlets up 

0 a foot or more in diameter, and the inlet to the pump and its capacity must 
i)e correspondingly large. 

9.7. Illustrations. In gas poisoning, in pneumonia, and in certain other cases 
the viscosity of the blood may go to abnormally high values. Twice normal 
values would require double work for the heart unless compensations of .some 
soit intervene, and the heart is frequently unable to meet the situation Fx- 
periments have shown also that too low a viscosity may likewise be fatal 
because it may result from insufficient numbers of red cells. An increase in vis¬ 
cosity of the blood accompanies an increase in acidity. Venous blood is nimr 
VISCOUS than arterial because of the loss of salts and water. High viscosity of 
Uic blood interferes with the action of the kidneys. The viscosity of the blood 
IS low in anemia, nephritis, malaria, jaundice, and certain other cases. It is 
believed that the viscosity plays an important part in the action of muscles 
m particular, having much to do with their speed of action. Cdand secretion.s 

are greatly influenced by the viscosities of the fluids secreted and of the blood 
within tlie gland tissue. 

In recent years more attention has been given to tlic study of the viscosity 
of protoplasm. No other of its physical properties appears to he so significant 
with respect to the mechanics of cells and to their action as viscosity. Its value 
IS more subject to cell changes due to poisons, heat, mechanical injury, electri¬ 
cal fields, and the like than is the value of the specific gravity, the optical or 
the electrical properties of the cells. The responses of cells, whatevi'r their 
nature, are closely related to changes in viscosity within the cells. Mu.^^cular 
action must depend fundamentally on colloidal changes within the cell, and 
these arc reflected in changes in the vi.scosity of the proto[)lasm. No oIIkt 
change in the cells at death is so marked; hence studies of living cell.- are the 
more important. They arc at the same time most difficult to carrv out as they 
generally involve the observation of single particles within a cell. 

9.8. Stokes’ Law. In dealing with tlie motion of falling hodie.< one u-ually 

neglects the viscosity of the air if the bodies are heavy and compact, hut this 

cannot he done if the bodies are of minute size. Mist particles and dust of even 

dense material seem to float f|uite indifferent to the influence of gravitv. 'i’lie 

* 
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reason for this is apparent when one considers that the weights of similar bodies 
fall off as the cubes of their corresponding dimensions, while their surfaces and 
cross-sections, on which fluid resistance must depend, fall off as only the 
squares. Thus the resistance to motion is relatively more important for small 
particles. Also, this resistance to motion increases with the relative velocity of 
the particle wdth respect to the fluid through which it moves while its weight 
remains constant. For each particle, then, there is a maximum velocity of fall 
at which the resistance to motion exactly balances the force causing the motion. 
For spherical particles Sir George Stokes found the following relation to hold: 

F = ^iraVr) 

where F is the force in dynes necessary to keep a sphere having a radius of a 
centimeter, at a velocity of v centimeters per second, through a fluid having a 
viscosity of t} poises. 

For a sphere of density d falling in a fluid of density the net force causing 
the motion is ^ircFid — d^)g/3 dynes. (Recall Archimedes’ principle.) 

From this it follows: 



4ira''{d — di)g 
3 


and 



This formula was fundamentally involved in Millikan’s classic determination 
of the charge on an electron by the oil drop method. It is also the basis of a 
simple method of comparing the viscosities of two liquids by observing the ter¬ 
minal velocities of a steel hall as it falls through the two liciuids being compared. 


in turn. 

In the case of blood d for the corpuscles is 1.09 and for the plasma d^ is 
1.03 gm/cm-"^, approximately. The value of {d — r/,) is therefore small, so that 
corpuscles settle very slowly, say 3 to 4 mm per hr, for normal human blood. 
The rate of sedimentation—that is, the rate of fall of the corpuscles in static 
blood—is abnormally high in the case of certain diseases. The determination 
of this rate is, therefore, of diagnostic value. For spherical particles of radius a 
falling in air d, may be neglected, in which case the formula has the simpler 
form: v = 2a^dg/9r}. Applied to drops of rain it is seen that the limiting or ter¬ 
minal velocity increases with the square of tiie radius of the drop and depends 
on this rather than on the height of tlie cloud from which they fall. Very large 
drops never attain the velocity permitted by Stokes’ law since they would be¬ 
come unstable and break up before reaching such velocities. The maximum 
possible velocity in air is approximately 18 mi/hr (26 ft or 8 m/sec). The drop¬ 
lets constituting the ordinary fog or cloud cannot fall through the air sufficiently 
rapidly to move against the upward air currents as their velocities in even still 
air would be only a few centimeters per second. In hailstorms the upward cur¬ 
rents of air may be so violent that even large hailstones cannot fall except along 
ti e edge of the storm. 

9 9. Viscosity and the Centrifuge. It will be shown in a later chapter 
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From an inspection of this formula one may draw conclusions of practical 
importance, hor example, it is seen that the radial velocity of a particle varies 
as the square of its radius. Any process which causes particles to aggregate will 
faeilitate their separation by a centrifuge. Similarly with the angular speeds 
making u only ten times as great increases u one hundredfold; one so-called 
ultraeentrituge making 2600 revolutions per secon.i, develops a force 1 200- 
000 times tliat o gravity for the same body. A number of ultracentrifuge 
microscopes have been constructed which make it possible to view or to photo¬ 
graph certain body cells while under strong centrifugal forces. The behavior 
of the nucleus under such conditions is most significant and gives information 
as to the protoplasm. In the ease of the separation of cream the fat globules 
are of lower density than the milk, hence id - d,) and, therefore, v is a negative 
quantity. This means the particles move toward the center. In many processes 

he action of the centrifuge is speeded up by lowering ,, either through raising 
the temperature or by thinning. ^ 


Questions and Problems 

1. Why should ,q determin.ation of the visco.dty of the blood be accomp.anied by a 
blood count thans, by a count of the number of corimscles per cubic millimeter? 

-. It, at 0 c, 2 mm of contrifuging are required to i.roduce a desired separation 
low niuch time will be required with the solution at 100»C? (See Table 9-1 and ' 1 = 5111110 ’ 

he solution to have the vtseosity of wafer. Solve this and most of the follownw prob- 
Icms by the methods of proportion.) ” 

d. If the density of glycerin is 1.26 gm/end, how iiianv times as long will it fike for 
a given quantity to dram out of a bottle through a tube as for the same volume of 
water using the same arrangement’’ As-^ume a temperature of 20°C. (.4ii.s'. 660 times) 
4 1 artic es of density of 1.2S are falling in a liquid of density 1.24 and in also a liquid 
of densit.t 1.16 gin cm . .'Assuming the same viscosities compare their rales of fall 
o. If the splieric.'il particles in a centrifuge had twice their pre.sent diameter to 
nliat speed could the centrifuge be changed to give the same radial velocity to the 
particles as is now j;iven at 4000 rpm? (Ans. 2000 rpm) 

0. fuming an air temperature of 20°C find the maximum velocitv that a water 
drop having a radius of 0.3 mm could actiuire. (Use the aiiproximale formula ) 

7. Jiy what percentage would the visco.^ily of a lK,uid be increased by adding 
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minute spherical particles until one-tenth of the total volume is occupied by the parti¬ 
cles? {Ans. 1.25 or 25 per cent increase) 

8 . Assuming the Einstein viscosity equation to hold for corpuscles in blood plasma 
if 3.2 be substituted for 2.5 in the formula, what would be the fractional part of the 
volume of the blood occupied by the corpuscles if the blood contains 3.2 X 10® 
corpuscles/mm®? 

9. A student released in water at 20°C a 6-mm steel ball (density 7.8 gm/cm®) and 
found it took 3 sec to fall a certain distance, h. Find h. How long would it take a 
12-mm hall to fall the same distance in glycerin at the same temperature? (Solve the 
latter part by proportion.) (Ans. 863 to 1) 

10. Using the Stokes formula, v = 2a^(d — di)g/^7}, show that the times required 
for a given steel ball to fall between two marked levels on a cylinder filled in turn 
with liquids A and B is given by the relation: 

ry j t(d — f/,) for liquid A 
t{d — di) for liquid B 

11 . A.'jsuming the relation derived in Problem 10 compare the times required for a 
glass marble (of = 2.6 gm/cm®) to fall the distance between the two marks on a deep 
cylinder when it is filled first with water and then with glycerin, both at 20°C. Assume 
the density of glycerin is 1.26 gm/cm®. (Ahs. 992 times as long in glycerin) 

12. If the glass marble of Problem 11 has a radius of 0.6 cm what is its terminal 
velocitv of fail in water at 20°C? 

13. Given Poiseuille’s equation, write out five simple laws or proportions derived 
by keeping certain factors con.<tant while the remainder are varied. 

14. What volume of alcohol having a vi.<cosity of 0.012 poise will flow through a 
30-cm length of a capillary tubing having an internal diameter of 0.24 cm in 10 min 
if the manometer joined in parallel with the capillary tube shows constantly a driving 
pressure of 8 cm of mercury? 

15. By the methods of proportion find from the re.«u!t of Problem 14 the time which 

would be re(iuired for the same volume to flow if the viscosity of the liquid were 
lowered by heating to 0.01 poise and the driving pressure were reduced to 6 cm of 
mercury. 667 sec) 

16. The Iwrc through the key of a certain glass stopcock is 2 cm long and has a 
diameter of 0.4 cm. How long a piece of tubing 2 cm in diameter would have the same 
resistance to flow? Your result should impress you with the importance of using tubing 
of large diameter in systems through which viscous fluids, whether liquids or gases, 
must be passed. 


Suggested Readings 

Burns, David, An Introduction to Biophysics (J. and A. Churchill, London, 1029) 
Cluzet, J., Precis de Physique Medicate, 3rd ed. (Gastion Doin et Cie., Paris, 1929) 
Glasser, 0. (Editor), Medical Physics, I and II, 2nd ed. (Year Book Publishers, Inc., 
1950) 

Mendenhall, C. E., Eve, A. S., Keys, D. A. and Sutton, R. M., College Physics, 3rd ed. 
(D. C. Heath & Company, 19.50) 

Uber, F. M., Biophysical Research Methods. (Interscience Publishers, Inc,, 1950) 
White, W. H., A Complete Physics. (G. Bell and Sons, Ltd., London) 
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Perhaps no one has such a vivid picture of the effects of high velocities on 
luman bodies as tlie nurse or doctor in an emergency ward of a liospifil Broken 

bodies drawn from automobile wrecks furnisl, convincing evWence If eS m 

tlioTrf ‘ f understand or else failed to respect 

the law of motion. Few drivers or passengers in cars realize that a speed if 

y miles an hour is roughly equivalent to that which would he acquLd bv 

a person falling out of a seventh-story window (assuming 12 ft per stin-) bv 

ins f iVT r' “Sainst a wall it such speeds 

s just as like y to prove fatal. On the other hand, iiasscngers on a modcrii air- 

mer cannot but wonder at the speeds with whicli thev are carried safely and 
comfortably. The truly marvelous attainments in this field would luuf been 
mpossiblc exceiit through a recognition anil understanding of the laws of mo¬ 
tion. The laws of ballistics, the basis of artillery and of bombing |)racticcs 

are outgrowths of the simpler fundamental laws of motion to be considered in 
tins chapter. 

Aside from the practical importance of the laws of motion they are in them¬ 
selves most interesting and worthy of stiuly from a cultural standjinint These 
aws were announced in 1(138 by flalileo Galilei, who estahli.died thcm'on the 
basis of experimental studies. Indeed the work of Galileo, at the University of 
isa in northern Italy, marked the beginning of modern experimental science 
I nor to his time such questions as the behavior of falling bodies were answered 
through consulting the writings of the scholars of |,ast ages and it was con¬ 
sidered quite improper to question the an.^wers. To subject the answers to ex- 
peiimental U'sts was considered rank heresy, as Galileo learned from bitter 
experience The ilate given indicates that the work of Galileo was earried out 
at about the time the early American settlements were being made bv the 
Europeans. Therefore, it may be hcliiful to keep in mind that the so-called 
scientific age is quite as modern as the American civilization. But far more 
has been accomplished in these recent years through the methods of exiieri- 
men al science than was contributed during the tliou.sands of vears before 
Ciahleo, the time when men depended on mere opinion. 

Actually most motions are complicated and bodies in motion niav diuul- 

faneously undergo translation, rotation, and even change in .diap,. Onlv tin. 

first two types lend them.selves readily to analytical stiiilv. Fortiinatelv (hes,. 

two aspects of any motion may be studied separately. The simiiler of these has 
to do with translatory motions. 
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10.1. Linear Motion. Average and Variable Speeds. Rectilinear motion 
such as that of an automobile along a straight road offers the simplest case 
that can be considered. If a car travels with an average speed of 40 mi/hr, at 
the end of 5 hr the car wdll have traveled a total of 200 mi. Actually this ex¬ 
ample is more complicated than at first it might appear since in no practical 
case will any car be able to start at one point and stop at another without at 
some points having speeds higher and at other points speeds lower than the 
average. The average speed in the above example is obtained by dividing the 
total distance covered by the time elapsing, 200 mi/5 hr = 40 mi/hr, or in gen¬ 
eral s/t - V wliore s is the distance covered in t hours when the speed is v miles 
per hour. If, however, the question of speed at a particular point, A, ^vere raised 
the answer might be anything between zero and, say, 60 mi/hr, depending on 
the location of A. An approximate value would be obtained by finding the dis¬ 
tance covered in, say, 1 sec just at the time the car passed the point in question. 
Suppose this were 66 ft. Simple arithmetic shows that 66 ft/sec is equivalent to 
45 mi/lir. Actually the speed might have changed slightly during the second in 
which the observation was made. This difficulty would be avoided if one were 
to define instantaneous speed by the relation v = s/t, where v is the value the 


speed approaches as t is made to approach zero. 

The units chosen must be suited to the magnitudes involved and may be 
selected from either the metric or the English system. 'While the speed of the 
car was given in miles per hour, that of tlie speed of the blood issuing from 
the heart likely would be expressed in centimeters per second. 


10.2. Velocity and Acceleration. "While the average speed of the car men¬ 
tioned in the preceding section can be found from the readings of the siieedom- 
eter and of a timepiece, such readings would give no information as to the final 
location of the car. It might be back at the starting jioint or at any jioint within 
200 miles of it. (Ine must know the speed, the time, and the direction of the car 
if the displacement is to be found. In the case considered, if the direction was 
constantly east then one could describe the motion by saying the car had a 
velocity of 40 mi/hr east. Velocity is, therefore, a vector quantity, while speed 
is a scalar quantity. The distinction between the two terms should be under¬ 
stood, and thev should not be used indiscriminatelv, as is done so often. When 
the velocity of an object changes either in direction or in magnitude the body is 
being accelerated. The acceleration of the body is defined by the change in 
velocity per unit time, generally per second. In the following treatment the 
changes in velocity will be conhned for the greater part to changes in magnitude. 

If a body has a velocity of r, when the timer is started then its velocity t 
seconds later, v.,, will be given by the relation: 


t'2 = -\- at 

where a is the acceleration of the body and. 
to be constant. Its average velocitv is 


flO-1) 

in this section, is assumed 
and the distance covered 


illustrative examples 
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* ^ tl.e acceleration is uniform, in the ease of each of 

these relations. Substituting the value of u, given by equation (10-1): 


, _ (^i + ih + at)t , . a ;2 

^ 2-- + T 


( 10 - 2 ) 

Since from (10-1). / _ . 

^ one may eliminate t from the expression for s 

and obtain the relation 


2 as = t» 2 “ — v^- 


(10-3) 


and the relations (10-1), 

(1^2), and (10—3) become, respectively 


V ~ at, s = at~/2, and v~ = 2as 


(dropping the subscripts) 


The most common cases having to do with bodies moving under constant accel¬ 
eration are those of falling bodies. For such the numerical values are 32 16 
ft/sec- and 980.2 cm/scc^ at sea level at the latitude of New York City In 

solving problems, 32 ft/see= and 980 em/sec= are generally used. The accelera¬ 
tion due to gravity is usually represented by the letter g. 

10.3. Dimensions of Units. It is important to note the definition of the units 
just employed. Their origin may be understood best by considering just what is 
meant by acceleration. It is the change in velocity per second; in expanded 
lorm It IS the change in displacement per second, per second, thus the time unit 
IS employed twice. The units for displacement might be centimeters, meters, feet 
miles, or other linear units, while the time may be seconds, minutes days or 
even years. Thus we have acceleration expressed in em/sec/sec (more briefly 
cm/scc^), ft/scc2, or even mi/hr/sec. tt'hatever they are it is essential tliat tliev 
be stated precisely. Fundamentally, acceleration depends directly once on 
length and inversely on time taken twice. This is eonciselv stated'by saying 
that the dimensions of acceleration are LT-\ The dimensions of certain otlier 

quantities will be defined later. The dimensions of a velocity are LT~'^ and of a 
displacement, simply L. 

10.4. Illustrative Examples. Suppose a falling hammer ])asse(l a certain 
window with a downward velocity of 24 ft/sec. ^Vhat was its velocity as it 
struck the pavement 16 ft below? The acceleration of a body falling freely is 
32 ft/sec2 (or 980 cm/sec-’) approximately. Since only 5 , v, and a are known 
we must employ a relation which has included only these three and v.„ the ina-^- 
nitude to be determined, which is the case in equation (10-3). Using these 
values V./ - 24- = 2 x 32 x 16 (units omitted in interest of simplicity). 


Solving, 


V = 40 ft/sec 


How far will a flatiron slide along a certain level surface in 3 sec if it is 
given an initial velocity of 500 cm/.sec and friction causes an acceleration of 
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Fio. 10-1. The neoelerntion of 
a body nio\'in? down a fric¬ 
tionless plane is a = (/ sin 0 


—200 cm/sec“? Here one has the magnitude of v a, and t, and must find s. 
Clearly the relation needed is given by equation (10-2) 

s = 500 X 3 - 1/2 • 200 • 32 = 600 cm (omitting units) 

Again: how long would it take a car to change its velocity from 20 to 50 ft/sec 
if given an acceleration of 12 ft/sec^? Here relation (1) is seen to be applicable. 
Whence 50 = 20 + 12 • f and f = 2.5 sec. 

10.5. Motion on an Inclined Plane. Since few roads are exactly level, motion 
on an inclined road is of special interest. A velocity of a body going down such 
a plane is influenced by only the component of the acceleration of gravity in 
the direction of motion, which, as is apparent from Fig. 10-1, is g sin 6. To cal¬ 
culate the speed obtained by a body released {v^ = 0) at the top of the plane 

while moving without friction down its entire 
length, the simple form of equation (10-3) may 
be used. From this 

V“ = 2fls = 2 • {7 sin 0 * L 

From Fig. 10-1 it is seen that sin 0 = H/L 

= 2 ' g ' H/L • L — 2gn 

It should be observed that this leads to exactly 
the same speed that would be attained falling 
freely through the height of the plane, IT, pro¬ 
vided the motion is frictionless. This is in line with a general principle of impor¬ 
tance, which holds that whatever the slope of the plane and whether invariable 
or not, the speed attained by a body starting from rest at the top on reaching the 
bottom of the plane is the same as it would acquire in falling freely through the 
vertical height of its starting point. However, the time required for the descent 
depends greatly on the form and length of the slope. One can calculate, for exam- 
l)le, using this principle, the speed of a pendulum bob at the bottom of its swing, 
from the height of its excursion. It should be noted that the same formulas apply 
to velocities as to speeds, providing the direction is invariable and docs not affect 
the situation. In fact it is generally considered less confusing to ignore the dis¬ 
tinction between the two as far as manv calculations are concerned. But the 

to 

student should keep the distinction in mind. 

10 .6. The Vector Treatment of Velocities. The principles underlying the 
motion of projectiles find many applications in peacetime as well as in war. In 
an earlier chapter the addition of vectors was explained. Since both velocity and 
acceleration arc vector quantities, problems having to do with velocity, accel¬ 
eration. and related quantities may find their simplest solution through the 
methods employed in dealing with vectors generally. Suppose, for example, an 
airplane having a velocity of 120 mi/hr eastward in still air enters a south wind 
which causes the airplane to drift northward 50 mi/hr. The actual direction 
of the airplane is north of east by an angle whose tangent is 50/120, that is, 
by 22°37', and its actual speed is 130 mi/hr (see Fig. 10-2). 
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If this airplane moving horizontally were to release a bomb, this bomb would 
keep directly under it (neglecting air friction) until it struck the ground. Its 
actual velocity at any point might be obtained by adding vectorially its hori¬ 
zontal and vertical velocities. The former is constant but the latter keeps grow¬ 
ing, due to the acceleration of gravity; so the resultant keeps clianging in 
direction, the actual path being parabolic. This case is illustrated in Fig. 10-3 


Fig. 10-2. Easterly and northerly components of ve¬ 
locity of an airplane having the velocity indicated 

in which spaces moved in each of the directions in unit times are indicated by 
dots. The corresponding positions of the bomb fall on the curved line which 
represents the actual path of the bomb. It should be noted that the time re¬ 
quired to strike the ground is the same as would be required whatever the mag¬ 
nitude of the horizontal velocity or if dropped from rest. Observe the distance 
between dots in the upper row has nothing to do with the distances between the 
dots in the vertical row. This answers affirmatively the often asked question as 



Horizontal distance 



Fig. 10-3. The path of a l)ody, 
projected horizontally, while 

falling 



Fig. 10-4. Initial vertical and horizontal com¬ 
ponents of velocity of a ])rojectile fired at an 
angle 0 with re.^iiect to the earth’s surface 


to whether a bullet fired horizontally from a point above a body of water will 
strike the water at the same time as another bullet dropped from the same 
height at the same instant. 

10.7. The Motion of Projectiles. Neglecting the effect of air resistance the 
motion of projectiles can be studied readily by using the principles illustrated 
in the last section. Suppose that a projectile is fired at an angle of 0 with re¬ 
spect to the horizontal with an initial speed of v feet per second. How higli will 
it rise, how far horizontally will it go, and how soon will it return to the ground, 
assumed to be level? Referring to Fig. 10-4 it is seen that the initial velocity 
can be resolved into a vertical and a horizontal component, defined by i' sin 0 
and V cos 0, respectively. Of these tlie horizontal com])onent is unalfectcd by 
gravity, hence the distance it will go in time t is simply tv oo.s 0. But the verti- 
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cal velocity is affected thereby, and at any time t before the projectile ends its 
flight the velocity is given by the relation — v sin 0 — gt (in this velocity 
upward is taken as positive). At the highest point of the trajectory is zero, 
from which one finds that time required to reach this point is v sin B/g and to 
return to its original level 2v sin B/g. The heiglit of the projectile at any time t 
while in flight is given by relation (10-2) which, applied to this case, is 

h — tv s\n B — gt“/2 


Using this relation one may readily find the greatest height reached by substi¬ 
tuting for t its value corresponding to this point. Thus, the maximum height is 



V sin 6 
9 


^(ysin0) -^g 


V sin v~ sin^ 6 


9 


2? 


(10-4) 


Similarly, the range is given by 


^ 2v sin 6 ^ sin 26 

R = iv cos B =-- V cos B = - 

9 9 

(since sin 2B = 2 sin B cos 0) 

The maximum value E can have is that corresponding to 0 = 45°, as no angle 
has a sine greater than that of 90°. In Fig. 10-5 the trajectories for various 
angles are shown. Everyone has observed such variations in range and height 
by holding the garden liose at various angles or by throwing stones or balls. 

The truth of the principles just discussed can be most strikingly illustrated 
by means of the equipment diagrammatically rej)rcscntcd in Fig. 10-6. In this 



Fig. 10-5. The height and the 
range of a projectile depend 
on the angle at which it is fired 


Fig. 10-G. Lecture demonstration apparatus 
for proving that a projectile falls from its 
initial line, while moving, at the same rate 
that an object having no horizontal velocity 

falls 


G is a spring gun which can be aimed accurately at the can, C, suspended from 
an electromagnet a few yards distant. As the “projectile” leaves the barrel it 
breaks tlu' circuit, allowing C to fall. In the absence of gravity the bullet would 
follow the straight line, GC and hit the can. But under the action of gravity 
each begins to fall as soon as the projectile leaves the gun, and must fall by the 
-ame amount, since they fall during exactly the same period of time. The 
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experiment works whatever the velocity or the distance, assuming the latter is 
within the range of the gun. Would it work if G were at a level higher than that 
of C and inclined downward? 

The dissemination of seeds by Nature offers an interesting application of 
related principles. Some seed pods explode to give the seeds a liorizontal com¬ 
ponent of velocity which will carry them some distance away from the parent 
plant while they are falling. Many seeds such as those of maples are given 
propeller shape so that when a wind dislodges them their “autogyro” action 
reduces so much their vertical velocity that the same wind carries them con¬ 
siderable distances before they strike the ground. Still other seeds use fluffy 
parachutes to slow down their fall while the wind carries them away from 
the parent plant. 

The student should find it both interesting and profitable to read also other 
texts on this general field, and to make up and to solve problems similar to the 
ones that follow. 


Problems 

1. A smoke line stretches northeast from a locomotive nmninc on an east-west 
railway with a speed of 40 mi hr. In wliat direction is the train rnnnins and what is 
the velocity of the wind if it is blowing due northward? In what direction do the 
smoke particles actually move? West; 40 mi/hr; north) 

2. A lady walks at the rate of 3 ft/sec and rain is falling vertically with a velocity 
of 15 ft/sec. If the front edge of the umbrella she carries is 4 ft from the pavement, 
how far in advance of her feet should this edge be held if she is to protect her shoes? 

3. An aviator wishes to go to an airfield 360 mi due east. If there is a north wind 

of 30 midir, in what direction should he point his plane if it has a speed of 78 mi/hr 
in still air? How long will it take him to reach his destination? 22'’37' north of 

east; 5 hr) 

4. Three boys, A. B, ami C, stood at the edge of a clift' 400 ft high. .4 dropped a 
stone, B threw one downward with a velocity of 64 ft 'sec, and C threw one upward 
with the same .«peed. Piml the velocity with which the stones struck the water below. 

5. Comimte the time required for each stone of Problem 4 to strike the water. 
(Ans. 5 sec; 3.30 .sec; 7.30 sec) 

6 . A train had a velocity of 12 ft/sec on oros.sing one road and 88 ft ^sec (or 60 mi/hr) 
when crossing the next road, 2 inin later. Find the acceleration in ft/.sec^ also the 
distance-between the two roads. 

7. A fell from a window 64 ft above the pavement while B, driving 45 mi/hr, ran 
squarely into a wall. l)i.*^regarding any differences in the natures of their imi)acts, wliich 
suffered the greater .shock? (A/js. Final velocities: A. 64 ft/sec; B. 66 ft '.sec) 

8 . If a car has brakes which can give to it an acceleration of —6 ft sec-, what is the 
minimum distance a driver can use to stop his car when going 30, 45, and 60 mi hr, 
respectively? 

9. Two aviators at different levels dropped bombs which struck the ground simul¬ 
taneously, the fir.st taking 5 .sec, and the second 4 .sec, to fall. How far al)ove tlie 
ground was the first bomb when the second was released? (.1/es. 3S4 ft) 

10. If the first bombardier of Problem 9 wa.s going 180 mi'hr, how maiiv yards in 
advance of his target should he have released his bomb? 

11 . A field gun shoots a shell with an initial speed of 2000 ft 's(‘c at an (4e\atio!i of 
30®. Find its maximum height and its range. {.4«s. 15,625 ft; 108,250 ft i 
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12. AVhat would be the maximum range of the field gun of Problem 11? 

13. A bomb is dropped from a bomber flying horizontally at a height of 6400 ft 
with a velocity of 300 ft/sec. Find the vertical, also the resultant, velocity of the bomb 
at the instant of striking the ground. 640 ft/sec; 706.8 ft/sec) 

14. How long should it take a car starting from rest to coast down an incline 200 ft 
long and falling 1 ft in 10 ft of roadway, neglecting friction? What speed will it have 
at the bottom of the plane? 

15. Suppose a sled is given a velocity of 10 ft/sec down a plane and arrives at a 
point 125 ft from the starting point with a velocity of 40 ft/sec. Find its acceleration, 
also the sine of the angle of the incline. Neglect friction. (Ans. 6 ft/sec^; 0.1875) 

16. An aviator is chasing an enemy plane, both traveling with a horizontal velocity 
of 240 mi/hr eastward. He fires at the enemy a rocket bomb with a velocity with 
respect to the plane of 240 mi/hr. Will the rocket reach the enemy? What would the 
answer be if the enemy were chasing him and he fired backward instead of forward? 
(This question, with variations, is asked perennially of physicists.) 
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Matters of force and motion have been of primary importance at all times to 
man, but the laws pertaining to them were not formulated until the seventeenth 
century. The marvelous developments which produced our mechanical a-^c 
could hardly have taken place without the guidance furnished by these laws. 
Even the motions and forces associated with the human body in recent years 
have been studied and explained on the basis of these same fundamental laws. 
Many scientists have contributed to their development but it was the experi¬ 
mental work of Galileo (1564-1642), carried on mainly in Pisa, Italy, which 
formed the foundation on which Newton (1642-1727) could establish his well- 
known principles. As individuals we come first to associate the term force with 
muscular effort. When one picks up an object, throws it, or stops one already in 
motion, he must exert a force through the action of his muscles. It is our com¬ 
mon observation that changes in the state of motion of a body are produced 
by forces, whatever the agent that exerts the forces. One may think of the 
force exerted by a locomotive on a train, the pull of the engine on an airplane 
or the air pressure which supports the plane in flight. Attention has already been 
called to the magnitudes of some of the forces exerted by the muscles of the 
human body of which not one of its infinite variety of possible motions could 
teke place without the exertion of a force. But not every force produces a change 
m motion. A book lying on the table exerts the same force on the table that 
would give the book the acceleration we associate with freely falling bodies if 
it were not supported. But in this case there is no acceleration since the table 
exerts an equal and opposite force on the book. In other words, the resultant 
force on the book is zero or, expressed differently, there is no unbalanced force 
on the book. Accelerations, therefore, are produced only in the case of un¬ 
balanced forces. One usually associates forces with positive accelerations but 
they arc just as essential for negative accelerations, that is to stoj) object’s al¬ 
ready in motion or to change their direction of motion. 

Accelerations. Experience has proved, just as one would 
intuitively expect, that the acceleration produced in the case of any particular 
body IS directly proportional to the force acting on it, that is, 

Ej/E, = Oj/a, 


A recognition of this general principle is seen in the tendency toward Id'dier 
powers m automobile engines in order to secure higher accelcrat’ion.s in (rallic or 
in another field, m the intensive training given athicte.s in order to deielop 
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the muscular tensions needed to succeed in contests requiring high accelerations. 

By a simple change and then an extension in the above equation, it is seen 
that, algebraically, 

F^/a^ = = F^/a^ = etc. 

Stated in words it is observed that the ratio of the magnitude of the force to 
the magnitude of the acceleration produced in the case of any body is a con¬ 
stant, the value of which depends on the units chosen. For an empty truck the 
ratio would be the same whatever the force applied by the engine, but the value 
of this ratio would be very different if the truck were loaded, in fact the ratio 
would furnish a very reliable indication of the magnitude of the load. Indeed 
one may take the ratio of a force to the acceleration it will give a body as a 
measure of the quantity of matter or, more briefly, the mass of the body. 
Hence, dropping the subscripts, it is seen that if in is the mass of a body, 
F/a 00 m or, using a constant of variation, F/a = km. This relation is usually 
written in the form: F = kma. 

The value of k obviously must depend upon the units chosen. Considering 
the English system of units, using the pound as the unit of mass and expressing 
a in feet per second per second (ft/sec“), it is at once apparent that, if the 
gravitational pull of the cartli on tlic pound of mass—tliat is, the pound-weight 
—be used as the unit of force, then k must be given the value of 1/32 if the 
equation is to liold true, since such a force acting on a pound of mass gives it 
an acceleration of 32 ft/sec". But in an absolute system, whether English or 
metric, it is advantageous to have k = \ so tliat F = ina. This can be arranged 
only through choosing a new unit for either mass or force. In the English 

is reduced to l/32nd of a iiound-weight and 
given the name of poundal. It follows from this choice that a force of 1 poundal 
would give a mass of 1 lb an acceleration of only 1 ft/scc“, and the simple 
equation F = ma holds. If in a problem the force is given in pound-weights one 
has merely to multiply the number by 32 to obtain its magnitude in poundals, 
a magnitude which may be substituted for F in the simple form of the equation. 
For example, a force of 10 pound-weight would be put down as 320 poundals. 

A similar consideration leads to a new unit of force in the metric system. 
Since a 1 gm-weight of force gives a mass of 1 gm an acceleration of 980 
cm/scc“, the new unit of force must be l/980th of 1 gm-weight. Such a force, 
known as the dyne, will give a 1-gm mass an acceleration of 1 cm 'sec^, and its 
adoption makes possible tho use of the simpler relation F = ma. It is a very 
small unit, only slightly greater than the weight of a milligram. The weight of 
a mass of 100 gm is equivalent to 98.000 dynes. 

Table 11-1 of absolute units may be of service in avoiding confusion in the 
solution of problems. 

The student should keep in mind. Iiowever, that, while the absolute units 
described above are universally accej^ted, there are otlier systems in wide use. 
For example, in the British Engineering System the pound-weight is retained 



NEWTON’S THREE OF MOTION 
Table 11-1. Absolute Units 


S9 


System 

! 

Force Unit 

1 

Mass Unit 

Acceleration 

English. 

Metric. 

1 

Poundal 
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as the unit of force and the modification is in tlie unit of mass, which must of 

necessity be 32 times as large as the mass of 1 lb. This unit is sometimes given 

the name of slug. A person whose mass is 100 lb on this system would have a 

mass of 5 slugs. Alathematically neitlier system has any particular advantage 

over the other, and the student is advised to use exclusively the absolute system 
as defined above. 

11 .2. Momentum. Since a constant acceleration may be written a = (v., ~v ) /t 

where v., and represent the final and initial velocities, the relation F = mo 
may be changed to the form: 

F = m {v., — v^)/t or, more simply, Ft - mv., - mv^ 

The product, mv, plays an important part in mechanics and is known as mo¬ 
mentum. From the last relation it is observed that the change in momentum suf¬ 
fered by a body is proportional to the force acting and to the time it acts. The 
product, Ft, also has been given a name, being known as the im/iulse. It is seen 
readily that the same change in momentum would be iiroduced, for examiile, by 
a force 2F acting through a time t/2 as by a force F acting through a time t. 
Thus a bat acting on a baseball for a minute fraction of a second might exert 
a large enough force to give the ball the same change in momentum as the force 
exerted by the pitcher would give to it by acting through a much longer jieriod. 
The student is cautioned against the fre<|uent mistake of confusing impulse with 
work. The latter is measured by Fs and has to do with change in energy, 
not momentum, siiecifically. Also, he should bear in mind that the relatron 
Ft _ mv, - mv^ grows directly out of the relation F = ma, hence must in¬ 
volve exactly the same units of force, mass, time, and distance, as given in 
Table 11-1. 

11.3. Newton’s Three Laws of Motion. The principles discussed in the 

I * 1 ' I ^ summarized by a statement of the three 

ba.sic laws ot meehanics which were fir.st formulated by Newton in l(i87 'I'ln'v 
are usually stated as follows: 

The First Law: Ftwrif bodtj continues in its state of rest or of unlfon ; 

vwtion in a straight line unless impelled by an external unbalanced force fn 
change that state. 

The Second Law: The rate of change of momentum is proportc-"-'. 

force acting, and the change takes place in the direction in whit I- - 
acts. 
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The Third Law: To every action on one body there is a reaction equal to it 
in magnitude but opposite in direction and acting on another body. 

Since the third law is less familiar than the other two, a few examples of its 
applications should be of interest. If any body, A, animate or inanimate, exerts 
a force on another body, B, then B exerts an equal but opposite force on A. If a 
standing man presses on the floor with a force of 200 lb, then tlie floor must react 
on his feet with a force exactly 200 lb, no more, no less, and his feet will tire 
exactly as one might expect a force of 200 lb to tire tliern. If such a man were 
carrying a mass of 50 lb, then the reaction of the floor on his feet would be 
250 lb. A person suffering from arthritis in a certain joint hesitates to use the 
muscles associated with the affected joint since any force the latter might exert 
on one of the bones concerned would involve a reaction in the joint of equal 
magnitude and might cause pain. In an earlier discussion it was shown that the 
reaction in the ankle joint may rise to several times the entire weight of the 
person. When this is realized one is not surprised by the very large bearing 
surface provided in this joint. Also, it becomes easy to understand why the 
bearing surface between any two of the lower vertebrae is greater than that be¬ 
tween two vertebrae in the upper part of the column, since the acting and re¬ 
acting forces are greater in the former case. 

Since force is a vector quantity, it follows that the acting and the reacting 
force vectors must be not only equal and opposite in direction, but must lie in 
the same straight line. Also, it should be kept in mind that these two forces 
never act on the same body; if A exerts a force on B, then B reacts on A. Two 
bodies are involved in every case. 

The principle applies not only to static cases, as discussed in the preceding 
paragraphs, but also to cases in which either one or both of the bodies concerned 
suffer accelerations. The “kick” experienced when firing a hca\y load from a 
shotgun is a familiar example. The relation Ft = ynv^ - mv^ offers a full ex¬ 
planation. The exploding powder exerts the same force fon\^ard on the shot as 


it exerts to the rear on the gun, and over exactly the same length of time. Hence 
the change in momentum for the shot must be equaled by a like change in 
monumtum of the gun itself. Stated algebraically, x x 

1 he student should show that this relation follows directly from the facts F and 
t are the same for the two bodies, and v, is zero for each. From this equation it 
IS seen that the velocity acquired by the gun would be smaller than that of the 
shot in exactly the inverse ratio of their respective masses. Either a heavier 
gun or a lighter load would reduce the velocity of the gun. The reader may from 
experience recall having jumped from a freely floating light boat or from a light 
coaster wagon, with surprising results. It would be an interesting exercise to 
explain just why in such cases one does not jump the distance he intends to. 

11.4. Conservation of Momentum. From the relation Ft = mv^ - mv. it is 
at once evident that if no external force acts on a body or group of bodies, in 
otlier words if F is zero, then the change in momentum is also zero. There may 
he large and even changeable forces between different parts of the body or a 
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group of bodies, but they can produce no change in the momentum of the group 
as a whole. In the case of the gun and the shot mentioned in the preceding 
section, the momentum of the combination before the gun was fired was zero. 
No external force was involved, hence the momentum of the combination 
afterward must likewise have been zero. This was seen to be the case. The 
momentum of the gun was exactly opposite to that of the shot, hence their 
vector sum was zero. Suppose two cars collide while moving along a road, 
assumed level in order to eliminate any external force. The vector sum of their 
momentum before the collision is exactly the same as afterward, whether or 
not the cars become locked in the collision. The fundamental principle holds also 
for animate bodies; if a person is at rest or in motion, there is nothing he can 
do to alter his momentum in either direction or magnitude, however desirable 
it might be, unless he finds it possible to employ some external force. Leaving 
out any effects due to air friction the center of mass of a person jumping from 
a moving vehicle would follow the same path that would be followed by a stone 
given the same velocity in the same direction even though the person might 
change greatly the relative positions of the different parts of his body while in 
the air. A cat dropped from a window falls as fast as would an inanimate object, 
even though it may contrive to land on its feet. It cannot alter its momentum in 
cither direction or magnitude through muscular action while in mid-air. 

Each of the above illustrations serves as an cxami)le of what is generally 
known as the Law of the Conservation of Momentum, whicli may l)e stated 
in the form: In the absence of the action of any external forces the total mo¬ 
mentum of a body or of a group of bodies remains unchanged. 

11.5. Inertia, Mass and Weight. Considerable confusion is often associated 
with these terms. The first law really defines the meaning of the term inertia 
which is that property of a body which causes it to resist any change in its state 
of rest or of motion in a straight line. This property is associated with the mass 
of the body; bodies having equal masses have equal inertias. Inertia and mass 
are wholly independent of either the position or the condition of the body. At 
any particular location bodies of equal inertias and masses would experience 
like gravitational forces; that is, they would have equal weights, but the weiglits 
of the same mass would vary with altitude and latitude. The gravitational pull 
on a mass of 1 lb is exactly 1 lb-weight only at sea level at a latitude of 45®. 
The mass of a body can be compared with certain masses carefully preserved as 
standards by each of the more important governments. Thus a 5-lb mass is one 
which has an inertia, or a mass, five times that of the standard pound. It is dif¬ 
ficult to compare directly the inertias of two bodies. It is much easier to com¬ 
pare masses by means of precision l)alances. Every lal)oratory possesses gradu¬ 
ated sets of accurately prepared masses or “weights” by means of which they 
determine other masses. But it is well to remember that their use is based on the 
general principle that equal masses have equal weights. The weights, being 
forces, are determined, in turn, on the basis of the laws of moments, in the 
case of tlie ordinary laboratory beam balances. 
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11.6. Applications. The mechanical applications of the principles discussed 
in this chapter are quite familiar, but those in which the human body may be 
concerned are not so often realized. When a person stands on the floor of an 
elevator at rest the floor reaction is exactly his weight. But when the elevator 
is given a high acceleration upward the floor force must increase by the amount 
of force necessary to give the body of the person the acceleration imparted to 
the elevator, a force which may have a considerable magnitude and even 
come as a distinct surprise to the person if he is unaccustomed to the ex¬ 
perience. But the walls of the blood vessels must give to the blood an extra 
pressure if the blood is to have the same acceleration at all points of the body. 
Generally the controls do not function sufficiently promptly to accomplish 
this, so that the blood in the head sinks into lower parts of the body and the 
person is certain to feel a definite dizziness, at least until the elevator attains 

normal speed when the acceleration drops to zero and the body has had time 
to redistribute the blood. 

During A\orld ar II, the problem of dealing with the high accelerations 

to which the airmen were subjected was given very serious study, as the effects 

assumed vital proportions. Some of the special measures devised to counteract 

the effects resulted in saving botli lives and planes, as they prevented the blood 

leaving the head to the extent it would normally at the accelerations involved. 

An important example having to do with centrifugal forces is discussed in 
Chapter 13. 


In most car collisions, the injuries to the occupants of the cars are due to the 
very large forces required to give the extremely high negative accelerations 
needed to stop their bodies in the very short distances the bodies move after 
the collision. In a head-on collision these forces arc likely to be applied to the 
lindies by the steering wheel or the rigid glass or other parts in the front part 
of the car—forces so great that the results are often fatal. A more analytical 
aiiproach may be made through the use of the familiar relation, 2os=> A 
car IS likely to move through a distance of, say, 200 ft in acquiring a velocity 
ot 40 nn/hr which, in a collision, may be lost in going 2 ft. Since the v lost is 
the same as the r gaine.l, and since from the equation one ob.serves that the 
product IS a constant for a constant v. it is obvious that the stopping force 
on an occiii.ant ot the car is 100 times the force he felt while the car wa.^.ein.' 
accelerated. Most car collisions can be traced to the carelessness of one or both 
of the drivers concerned; Init after the collision -Irivers ami passengers are 
equally siitiject to the laws di.scussed in this chapter, for the laws of Newton are 
universal m their apiilication. It is the respoiisil.ilitv of man to decide whether 
these laws shall oiierate for his benefit and jileasure, or for his destruction 
11.7. Sol^utions of Problems Dealing with Forces—Motion Relationships. 
Little difficulty should be experienced with iiroblems in this field if the student 
is carelul to use the proper units. The abbreviated solutions of the followin<r 
tv|)ical prolilems may he of help in this regard. It will l,e observed that in each 
ise the problem is classified before any attenqit is made at its solution. 



PROBLEMS DEALING WITH ACCELERATED BODIES 0:i 

Problem 1. How far will an automobile on a level road move before attaining 

a velocity of 30 mi/lir if the effective tractive force is 900 lb, the resistance due 

to friction 100 lb, and the weight of the car is 3200 lb? Note: As was mentioned 

in Chapter 3, in general practice the abbreviation lb is used to mean cither 

force of 1 pound-weight or a mass of 1 pound. This makes for simplicity and 
should not lead to confusion. 

At first reading, this problem is seen to be one dealing with the motion of a 
body being accelerated, but it cannot be solved as such until the acceleration 
is kno\\n. The second part gives the basis for finding this acceleration and is a 
problem involving the relation of force to motion. It is really a double problem, 
as many problems in physics are, and it is obvious in this case that the second 
jiart must be dealt with first. The effective force on the car is 900 — 100 = 800 lb, 
01 800 X 32 poundals. Using the simple relation E = ma, one may now 
calculate the value of a from the numerical relation: 

800 X 32 = 3200a, or a = 8 ft/sec^ 

^ It may readily be found that a velocity of 30 mi/hr is equivalent to 44 ft/sec. 
Using the simple relation v., = 2as, one may obtain at once from the magni¬ 
tudes now known the distance, s, which is required. 

44^ = 2 X 8 X 6’, from which s = 121 ft 

Problem 2. A and B arc two masses of 100 gm each and are connected by a 
light cord passing over a light pulley, assumed frictionless, as shown in Fig. 11-1. 
What acceleration will result when a 20-gm mass 
is added to B, and what will be the tension on the 
cord ? 

This too is a double problem, but in this case 
each j>art hinges on the relation between force 
and acceleration. Here the first part must be 
solved first since both the force and the accelera¬ 
tion are unknown insofar as the second part is 
concerned. Aj)plying the simple relation E = ma 
to the first ])art it is seen that after the rider is 
added to B the total mass being accelerated is 
really 220 gm. The accelerating force is only 
20 X 980 dynes. Therefore the acceleration is ob¬ 
tainable from the relation 20 X 980 = 220 X a. 

Tliis gives a value to a of 89.1 cm/sec-, approxi¬ 
mately. The second part may now be attacked. 

Here one is dealing with the force between two 
parts of the moving system, while our general dis¬ 
cussion has had to do with the action of only 

external forces. Therefore, it is necessary to isolate one particular part, say 
jiart A, and deal with its acceleration which is the same as that of the combina- 
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tion. The net force on A is the difference between the tension in grams, T, which 
pulls upward and its weight which pulls downward. Using the simple basic 
equation: 

{T — 100) X 980 = 100 X 89.1, from which T = 109.1 gm 

Many problems in Physics involve two or three parts. Generally a preliminary 
analysis will clearly indicate the order in whicli the parts should be solved. The 
numerical calculations should be carried in expressed form and then, if possible, 
done all at once, since intermediate results are not needed, and frequently cer¬ 
tain numerical factors wdll cancel out and thereby simplify the calculations 
required. 


Problems 

1. What must be the tension on an elevator cable while it is imparting to the elevator, 
which weighs 2000 lb, an upward acceleration of 4 ft/sec“? While the elevator is being 
given this acceleration what force does the elevator floor exert on the feet of a passenger 
weighing ISO lb? {Ans. 2250 lb; 202.5 lb) 

2. A man weighing 160 lb is riding in a car which has a forward acceleration of 
4 ft/sec . With what force in pounds does the back of the seat press against his back? 
How would he take care of the situation if a negative acceleration of the same magni- 
tvule were given the car through the use of brakes? 

3. The breaking strength of a certain cord is 3000 gm. What is the greatest accelera¬ 
tion this cord could give a mass of 2000 gm if pulling (a) horizontallv along a friction- 
less plane and (b) vertically? (Aas. 1470 cm/sec^ 490 cm sec'-) 

4. A block weighing 420 gm is resting on a horizontal surface. If the frictional force 

between the block and the table is 25 per cent of its w-eight, how much horizontal force 

m grams would be required to give the block a horizontal acceleration of 70 crn/sec*? 

5. Assume the block of Problem 4 has attained a velocity of 100 ctu/sec when the 

pull is discontinued. How much farther along the table w'ould it move before it is 

brought to rest by the frictional force? (/la.*?. 20.2 cm) 

G. Suppose a bullet weighing 5 gm were fired horizontally with a speed of 80 m/sec 
into a block weighing 1200 gm and suspended as a pendulum. A.ssuming the bullet 
remains embedded in the block, what will be the initial velocity of the combination? 

7. What IS the mimnium acceleration with which a bov weighing 120 lb can slide 

down a rope which has a breaking strength of onlv 100 lb? 5.33 ft/sec=) 

8 . If a mass of 2S0 gm has its velocity changed from 200 to 600 cm/sec in a period 

of 0 sec by the action of a constant force, what is its acceleration, and the magnitude 
ot the lorce, m dynes and in grams? 

9 . A wheeled toy having: a mass of 200 Rin and resting on a smooth horizontal table 
IS connected by a light cord passing over a pulley at the edge of the table to a sus¬ 
pended mass of 40 gm. Neglecting friction, how long will it take the tov to move 90 cm 
assuming it starts from rest? {Atis. 163.3 cm/sec‘; 1.05 sec) 

in^the corcr”^^ Problem 9 and “isolating" the suspended mass, calculate the tension 

11. In a person having hardened arteries the walls of the arteries vield less than 

normal y a ea. h beat of the pulse. Write a paragraph e.vplaining, on the basis of the 

principles discu.^sed m tbs chapter, how this must affect the acceleration that must be 

given the blood and, therefore, the pressure which must 1 « e.xerted by the heart in 
Jiuch cases. ^ licaiL m 
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12. Similarly, explain one of the reasons why a person, changing quickly from a 
horizontal to a vertical position, temporarily may feel dizzy. 

13. The driver of a car, A, and his companion in the front seat, B, and C in the 
back seat, simultaneously observed that a collision was imminent. A’s attention was 
absorbed by the controls but B and C braced themselves for the impact. Basing your 
judgment purely on physical principles which of the men likely suffered most, and which 
least in the collision? Explain. 

14. Suppose each man in Problem 13 weighed 160 lb and that retarding forces were 
applied to A, B, and C through effective distances of 2 ft, 5 ft, and 8 ft, respectively, 
find the average magnitude of each of those forces if the car was going only 30 mi/hr 
at the instant of impact? 

15. A 6000-lb truck and a car weighing 3300 lb collided head-on and became locked. 
If each had a speed of 30 mi/hr, what was their joint velocity after the collision? Find 
the change in velocity suffered by each of the drivers and compare the effective forces 
exerted on the two men, assuming they were of equal weight. Except for special circum¬ 
stances the injuries suffered are likely to be proportional to these forces. {A/w. 8.72 
mi/hr; 1.82 or 82% greater force on car driver) 

16. If a golfer gave a 1.6-oz ball a speed of 160 ft/sec during the 0.0044 sec the club 
was in contact with the ball, what must have been the effective force and for what 
distance must the ball and the club have been in contact? 

17. A 70-lb boy and a 90-lb boy are playing with a rope passing over a pulley 
(assumed frictionless) which is supported by a rafter in a barn. The smaller is stand¬ 
ing on the floor with his foot in an end loop of the rope when the other steps from 
a loft 12 ft above into a loop at the other end of the rope. With what acceleration did 
the latter descend, with what velocity did he reach the floor, and what was the tension 
on the rope? (Azw. 4 ft/sec”; 9.8 ft/sec; 78.75 lb) 




Work, Energy, Power, and Friction 


In Physics the terms “work” and “energy" have a very much more definite 
meaning than they have in ordinary conversation. In a doctor’s office the 
patient may complain of a lack of energy or an inability to do work with little 
more than a hazy idea of what the terms mean, but the concepts are of basic 
importance to all and should be more clearly understood generally. 

12.1 Work. In the minds of many the term work might apply to almost any 
exercise wliich, if continued sufficiently, might result in mental or in muscular 
fatigue. If a man lifts a mass or runs up a flight of stairs he does work, but if 
lie merely leans on a table but docs not move it he docs no work in a physical 
sense even though it may tire him. In scientific language one defines work as the 
(iroduct of the force acting and the distance through which the force succeeds 
in moving the body on which it acts in the direction in which the force acts. If 
either the force or the distance is zero no work is done regardless of the mag¬ 
nitude of the remaining factor. An elevator might support a man weighing, say, 
180 11) for an indefinite period without doing any work, l)ut when it has lifted 
the man through a vertical distance of 10 ft it has done 180 X 10 = 1800 foot¬ 
pounds (ft-lb) of work. If a person lifts a mass of 200 gm a vertical distance 
of 1 m he docs 200 gram-meters (gm-m) or 20,000 gm-cm of work. These ex¬ 
amples illustrate the descriptive units generally employed in measuring work 
done. The absolute units of force and distance in the metric system are the 
dyne and the centimeter, respectively; hence the absolute unit of work is the 
dyne-centimeter, to which has been given the name erg. Since 1 gm of force is 
equal to 980 dynes, the 20,000 gm-cm mentioned above is equivalent to 
19.600.000 ergs. Like the dyne, the erg is a very small unit. More generally one 

uses the joule which is equal to 10 ‘ ergs. Continuing the example, 19 600 000 
ergs = 1.96 joules. ’ ’ 

A few calculations may be found helpful. If a truck exerts steadily a draw-bar 
pull of 500 lb while it moves a load of 2T a distance of 100 ft on a level road it 
does 50,000 ft-lb of work, not 4000 X 100, as one at first might imagine. In this 
case the weight of the load does not matter since the load has not moved in the 
direction in which gravity acts. Had the road inclined upward, say 1 ft in 100 ft 
of roadway, the pull required, assuming the same frictional force, would have 
been 500 + 4000/100 or 540 lb of force and the work done would have been 
54.000 ft-lb. In this computation the component of force in the direction of the 
motion was used. But the extra work done might be computed cquallv well by 
n oltiplying 4000 by 1 since the load was actually lifted only 1 ft. The essential 
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thing is to make sure that the two factors have a common direction. Suppose 
the tension on a belt driving a pulley is 40 lb greater on one side than on the 
other and that the pulley has a circumference of 2.5 ft. The work done per 
revolution is 40 X 2.5 or 100 ft-lb. This simple calculation is typical of many 
that may be made with respect to work done by machines. 

12.2. Energy. If one lifts a mass of 100 lb a distance of 50 ft, the work done is 
5000 ft-lb. Suppose that this mass is then shifted to a platform at the same 
level and that the mass on the iilatform is connected by a rope which passes 
up and over a fixed pulley and to a like jdatform on the ground. If the first 
mass be given a slight start it would raise as it descends to the ground anotlier 
mass of 100 lb placed on the lower platform to a height of 50 ft, assuming no 
friction. In short the first mass, by virtue of its elevated position, is able to do 
work, either immediately, next year, or a century later; it has been given tlie 
capacity to do work or, more briefly, it has been given energy. In this case 
energy is possessed by virtue of the position of the mass. One might similarly 
impart energy to a spring by coiling or bending it, or to a gas by compressing it. 


In all such cases the imparted energy is recoverable in whole or in part. This 

4 

sort of energy is called potential energy. 

A car going along a horizontal roadway at high sjiecd might climi) to the top 
of a hill even though the power were turned off at the bottom of the hill. In 
this and in many other cases in mechanics a body has the capacity of doing 
work because of its speed. It required work to give the body its speed and. in 
stopping, the body is capable of giving back the same amount of work. Energy 
possessed by a boily by virtue of its motion is called kinetic energy. Other 
forms of energy relating to heat, electricity, sound, light, chemical phenomena 
and substances may be differentiated even though they may be related to and 
convertible into either of the two fundamental types concerned in mechanics, 

potential and kinetic. 

Some care must be exercised in the computation of the kinetic energy of a 
moving mass since a change from the absolute units to the i)ractical units is 
involved. One is familiar with the relations 



E = ma — miv., — t\)/t 
s = {v., + t\)t/2 


By multiplication: 

Work = Fs = m(v.r - Vi-)/2 = \ 7 nv.r - \mt\- 

Assuming the initial speed = 0 it is soon that the kinetic energy of the 
moving mass is given by E = \mv-. In case the six'ed of a body is inereascil 
tbrough receiving energy the increase in the value of this j)roduct gives the 
amount of work that was done on it. If it loses spee<l through doing work then, 
again, the change in this i)roduct is a measure of the (‘uergy expended or lo>t. 

But the equations used to derive this exi)ression hold oidy for absotut(' units. 
In the metric system this involves no confusion since tlie unit of woik or of 
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energy is the erg, also an absolute unit. Thus if m is in grams and v in centi¬ 
meters per second, E is in ergs. But in the English system if m is measured in 
pounds and v in feet per second, E must be in foot-poundals. To change to foot¬ 
pounds, the unit in common use, one must divide the number of foot-poundals 
by 32. To illustrate, a car weighing 3200 lb when moving with a speed of 
40 ft/sec has a kinetic energy of ^ X 3200 X 40" or 2,560,000 ft-pdl or 80,000 
ft-lb. This is sufficient energy to lift the car to a height of 80,000/3200 or 25 ft, 
where it would have a potential energy equal to the kinetic energy originally 
possessed, 80,000 ft-lb. 

The basic concepts of energy have been applied to many fields other than 
mechanics. One speaks of the energy of meals, of foods, and so on; and the 
efficiencies of machines and even of human bodies may be measured by the ratio 
of the output to the input energy. We pay for our electrical service on the basis 
of energy consumed. Physiologists have given much attention to the measure¬ 
ment of the energy output of muscles and, in departments of physical therapy, 
such outputs are continually being measured by means of specially designed 
machines. In a simple case the work done by a muscle is the “integrated” or 
cfTective product of the ten.sion developed by the distance its point of attach¬ 
ment is moved, that is, by the amount the muscle is shortened. But this tension 
varies throughout its movement when shortening and a direct determination of 
the work done is difficult to make. There are two new complications involved in 
muscular action which generally are not involved in mechanics. The muscle 
draws energy from its chemical resources when merely maintaining tension and 
when being stretched it is not only unable to store up the cncrg>' expended upon 
it as would a coiled spring, but it must actually expend energy during the 
process. All this energy is lost, dissipated as heat. A car, coasting down one hill 
may acquire sufficient energy to go up another one, just as a pendulum continues 
its motion with but negligible loss of energy. But the housewife who has to 
go down to the basement cannot draw on any store of energy accumulated 
during descent to make it easier for her to ascend the stairs. Unfortunately she 
consumes energy in going down to an amount estimated at about 40 per cent 
of that expended in going up. Suppose she weighs 140 lb and makes the trip to 
the basement for 2 lb of potatoes. A rough calculation shows that the useful 
work accomplished amounts to about one per cent of the cnergj' expended, a 
most inefficient piece of work, yet no more so than many others carried out by 
very intelligent men. It is true that many tasks cannot be carried out in the 
highly efficient manner characteristic of industrv; but certainlv much has been 
and can be done, as both the articles and the advertisements in current periodi¬ 
cals dealing with household problems clearly show. 

The preceding paragraph should be sufficient to account for the attention 
being given by physicians to the drains of energy on their patients. In some 
cases it might do more good to direct the patient to a dealer in household equip¬ 
ment than to a drugstore. Alan has many unavoidable and uncontrollable drains 
on his energy supply. He must maintain his temperature at a constant level 
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regardless of outside temperatures as well as meet the demands of his muscles 
and other organs. In fact his actual daily requirement is of the order of 
10 ,000,000 ft-lb, all of which he must acquire through the intake of food. 

12.3, Conservation of Energy. In the motion of the pendulum of a clock one 
may see a periodic changing of potential energy into kinetic energy, then vice 
versa. In a steam engine one observes the transformation of the chemical energy 
stored in the coal into heat, then into kinetic energy of the steam, next into the 
mechanical energy of the engine. In the generator it becomes electrical energy, 
which in turn may be used for heat, light, sound, magnetic and electric fields. 
While energy may thus be transformed from one form to another it is never 
destroyed, the general drift being toward heat energy. The statement that 
energy may be transformed but neither created nor destroyed is known as the 
Law of Conservation of Energy. However, modern physics has contributed the 
startling discovery that energy may be transformed into mass, and mass 
directly into energy. The basic relation, first stated by Einstein, is: 

Energy in ergs equals the mass in grams converted into energy mul¬ 
tiplied by the square of the speed of light in centimeters/second 
or, E = mc- 

AVhile this remained merely of academic interest for many years after its an¬ 
nouncement, the use of the atomic bomb and the present attention given to 
peacetime uses of atomic energy have focused the attention of the world upon 
its possibilities. As is well known, the transformation of mass into energy is 
the basic principle involved. 

12.4. Power. In modern industry the rate of doing work is an important 
matter. A hand-operated elevator might lift a box weighing 500 lb to a floor 
25 ft higher, but it would take about 3 min. A motorized elevator could do the 
same thing in a small fraction of a minute. The amount of work done is the 
same, only the rate of doing the work differs. That is, the power is greater in 
the second case. The logical unit of power in the English system would be 
1 ft-ixll/sec, or in the metric system an erg/scc, i)ut neitlier is used as each is 
much too small. Our English unit was selected in the age when the horse was 
the major power unit. Watt estimated that a horse working at a normal rate 
could do 550 ft-lb/sec, and he set tliis value as the definition of one horsepower. 
No one knows the kind of a horse he selected, nor how he could ascertain when 
a horse is working normally, but it does not matter for once the unit is defined 
it has a definite value thenceforth, independent of the capaliilitics of horses. In 
any event it is perhap.s as good an approximation as is the unit of length, the 
foot, to the length of a human foot. An engine is rated at 10 hp if it can do work 
at the rate of 5500 ft-lh/sec; and to test an engine one has merely to operate it 
against a known resistance, and then divide the work it can do in one second 
by 550. 

In the metric system one uses 10.000,000 (or 10^) crgs/scc, or 1 joule/sec as 
the unit of power. This unit is known as the watt. For engines, motors, and the 
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like, of large power, the more commonly used unit is the kilowatt. (1 kw = 
1000 watts). Even in English-speaking countries these units are almost ex¬ 
clusively used in the electrical industry. One is familiar with the 60-watt lamp, 
the 500-watt electric iron, and he may hear a broadcasting station boast of a 
50-kw transmitter. But in the radio field one hears also of the microwatt 
(1 watt - 10*^ microwatts). By a simple computation one may show that 1 hp = 

746 watts. 

It may be convenient to know a different expression for power; Power = 
work done/time = force X distance/time = force x velocity or, in the English 
system, horsepower = Fij/ 550 where F is given in pounds and v in feet per 
second. Also, it should be plain that if power is measured by the work delivered 
in unit time, then the power multiplied by the time it operates should give the 
total work delivered and on this the charges should be based. Thus, when one 
pays his light bill he pays for the number of kilowatt-hours of energy he has 
drawn during the period covered by the bill. The power company is not par¬ 
ticularly interested in either the power or the time, alone, but rather in their 
product, and the readings on the meter provide just that information. 

It has been estimated that a manpower is about one-seventh of a horsepower; 
but here again the reader would like to see “the man.’' Actually a man may exert 
much more than a horsepower for a brief period and a runaway horse may ex¬ 
hibit many horsepower, but such facts are irrelevant. The physician may well 
have definite advice on the power his patient should exert, particularly if his 
heart is affected or if he is of advanced age. 

12.5. Friction. Studies carried out by the recently developed electron micro¬ 
scope have revealed in a striking manner the actual roughness and the stnicture 
of surfaces in general, even those normally considered polished. If a block of 
one substance be placed upon a level surface of the same or of different mate¬ 
rials there will be a certain degree of interlocking of the minutely projecting 
particles which involves no force as long as no attempt is made to move the 
block tangentially with respect to the surface on which it rests. There is also 
another element entering into the question of friction since, when one body 
rests on another, certain portions of it, particularly the ultramicroscopic pro¬ 
jections, always present, come into such very intimate contact with similar 
parts of the opposing surface that intermolecular forces come into play. AVhen 
a tangential force is applied in one direction an opposition force, or frictional 
force, arises as a reaction in the opposite direction. These two forces remain 
constantly equal and balanced as the applied force is increased until the maxi¬ 
mum resisting force which can arise due to friction has been reached. Any fur¬ 
ther increase in the applied force will cause the body to move. The ratio of the 
tangential force required to start the body to the force pressing the two surfaces 
together, in this case the weight of the block, is called the coefficient of starting 
friction. Experience has shown that the force required to maintain the motion 
m such a case is somewhat smaller than that required to start the body moving, 
in other words, the coefficient of sliding friction, similarly defined, is smaller 
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than the coefficient of starting friction. For some substances the differences are 
small, for others, for example metal, stone or wood on ice, the coefficient of 
sliding friction may be only a small fraction of the coefficient of starting 
friction. 


Rolling friction is, as would be expected, very much less than sliding friction 
since the projecting particles of the one surface are lifted out of the minute 
cavities in the other just as are the teeth of a gear wheel lifted out of the 
between-teeth spaces of another with which it is intermeshed. As the inter- 
molecular forces should be the same for rolling as for sliding, the fact that 
sliding friction is so very much greater than rolling would indicate that the 
major cause of sliding frictional resistance must be the interlocking of micro¬ 
scopic projections from the two surfaces. Within wide limits the more highly 
polished the two surfaces the less the difference between the two types. But 
in the case of extremely highly polished surfaces, say of glass, one has even 
to be careful to prevent two such surfaces from coming into close contact 
since the molecular forces may be so effective as to ‘‘freeze’' the two surfaces 
together, after which they are quite inseparable. 

Rollers, in the form of balls, cones, or cylinders, arc widely used to reduce 
the friction in bearings, and recently this use has been extended into both heavy 
machinery and also into miniature instrument bearings. Their use greatly re¬ 
duces wear in machinery and also the energy requirements for their operation. 
Their use in the rolling stock of railroads makes possible easier starting of trains 
and a great saving of power. 

Lubrication provides a filling for the microscopic cavities of a surface and 
virtually substitutes an oil-on-oil for a metal-on-metal sliding or rolling. But 
the lubricant must be well matched to its use, a heavy grease would be worse 
than useless in a clock, and clock oil would be of no use in the hub bearing of 
a car. In a proper grease job on a car there may be many different lubricants 
used. Fdectron-diffraction methods have indicated that the length of the mol¬ 
ecules of a hvdrocarbon lubricant as well as their nature mav have much to do 
with its value as a lubricant. 

In the human body nature provides most effective lubrication for all inter- 
surfaces where sliding takes place—in the joints, tendon sheaths, and around 
the eyeballs are a few familiar examples. Any failure of the supply, through 
injury or pathological condition, may lead to pain or even to loss of function. 


Problems 

1. A loaded hand truck having a total weight of 300 lo is to he placed on a j)!atforin 
5 ft high. How much less force, assumed parallel to the plane, would he recpiired using 
a 20-ft inclined plane than one only 15 ft long? Compute the total work done l>y the 
acting force in each case. (Ans. 25 lb; 1500 ft-Ib) 

2. A laborer carries a load of 80 lb up a ladder to a platform 20 ft hish. If he weighs 
180 Ib and spends 40 per cent as much energy in going down the ladder as it takes 
to lift his own body up the ladder find the total work done per load. What per cent 
of the total does the useful work represent? The answer to this problem explains why 
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efficient builders generally construct some type of mechanical elevator for lifting mate-- 
rials to upper stories. 

3. It is found that loads, such as in Problem 2, may be carried with the least ex¬ 
penditure of energy when the center of mass of the load is directly over the feet, even 
though the load is lifted through the same distance. Show that this can be explained' 
on the basis of the fact the energy required by a muscle under tension increases with 
the tension. 

4. On the same basis explain why walking along a level path requires energy aside' 
from any consideration of frictional effects. 

5. An automobile weighing 3520 Ib has a velocity of 40 ft/sec. Compute its kinetic- 
energy first in foot-poundals and then in foot-pounds. How far would an average force- 
of 800 lb have to act to give the car this energy? How long would it take? (Ans.. 
2,816,000 ft-pdl; 88,000 ft-lb; 110 ft; 5.5 sec) 

6 . Using the relation of Chapter 11 between impulse and momentum, compute the 
time required, using the data of Problem 5, and compare with the result obtained by 
the other calculation. What average horsepower must the engine have developed in 
giving the car the velocity stated in this time? 

7. Suppose the center of gravity of the car of Problem 5 moves forward only 1.6 ft 
after it crashes into the abutment of a bridge. What must be the resisting force? Solve 
this problem first on the principles of the last chapter, and then on energy considera¬ 
tions. (Ans. 55,000 lb) 

8 . With reference to the crash described in Problem 7, compute the duration in 
seconds of the motion after the instant of impact. 

9. From what height would a car have to fall to acquire the same kinetic energy 
as a car having a velocity of 45 mi/hr? (Ans. 6S.2 ft) 

10. A car weighing 3840 lb has a velocity of 50 ft/sec along a level road. If the 
engine is developing 10 hp, what is the total frictional force being overcome? If this 
resistance remains the same what must be the total horsepower exerted as this car 
moves with the same speed up a slope rising 8 ft in 100 ft of roadway? 

11 . A man weighing 165 Ib runs up a flight of stairs 24 ft high in 4 sec. What horse¬ 


power does he develop? IIow long .diould a man of this weight take for these stairs if 
his heart-condition limits him to one-tenth horsepower? (Ans. 1.8 hp; 1.2 min) 

12. IIow much kinetic energy will a bicycle rider and his liicycle, together weighing 
190 lb, have, jointly, at the bottom of a hill 30 ft higli if it slopes downward 1 ft in 
20 ft of roadway assuming the rider starts from rest at the top of the hill and coasts 
all the way down, and that the frictional resistance amounts to a force of 4 lb? 

13. Assuming the resistance to a car increases directly with the speed and that a 
certain car engine is developing 15 hp at a velocity of 30 mi dir, how much power would 
be required for a velocity of GO mi/hr? Write an algebraic expression showing the 
variation of power with velocity. (A«s. 60 hp) 

14. If the coefficient of friction between a coal wagon and a certain level road is 0.06„ 
and the loaded wagon has a gross weight of 5000 lb, find the horsepower developed 
by the team which jmlls it 1 mi in 20 min. 
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There seems to be something fascinating about rotary motion that appeals 
to all ages. Early in life one begins to wonder what makes the wheels go round. 
In this mechanical age rotary motion plays an important part. It has been said 
of one important people that the failure to invent or to learn of the wheel held 
back their progress for centuries. Yet an understanding of rotary motion is not 
always possessed even by those to whom the matter is important. Actually 
rotary motions are closely analogous to linear motions; even the formulas have 
the same form although a new unit must be employed. 

13.1. Angular Speed. If a car runs along a road it is easy to study its ac¬ 
celeration, velocity, distance, momentum, and energy. But if the rear end were 
supported on jacks and the engine run in gear, the rear wheels would turn as 
usual and in their now purely circular motion would start from zero angular 
velocity, have angular acceleration, then uniform angular velocity, finally 
negative acceleration, and at last zero angular velocity again. But the wheels 
are still in the exact position they were at the start and their motion can liardly 
be expressed in the units we have employed in dealing with linear motion.s. 
Obviously one must have a unit for measuring angles. As a simple case sui)pose 
that a flat circular disk is rotating about an axis 
normal to its plane at its center. Any line drawn 
on this disk turns through an angle of 360° for 
each revolution, although one generally considers 
lines representing radii. The number 360 is a con¬ 
venient one for practical purposes, but it is purely 
an arbitrary one. Mathematically it is better to 
employ a unit related to a property of the circle. 

The unit angle has been fixed as the angle at the 
center of a circle between two radii which sub¬ 
tend an arc on the circumference equal in length 

to a radius, as shown in Fig. 13-1. The angle 6 , therefore, is defined as the ratio , 
of the arc to the radius, $ = arc AB radius OA. When this ratio is unity the 
angle is the unit angle to which is given the name radian. If the ratio 
AC/AO = 1.8, the angle AOC is 1.8 radians. The complete angle about a point 
is therefore: 27rr/r = 27r radians = 360®. From this relation it is s(‘en that 
180® = TT, 90® = 7r/2 radians, and 1 radian = 57.3®. The linear distance traveled 
on a straight road, s, by a wheel of radius r when it lias turned through 0 ra- 
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dians is given by the relation: s = r6. For 20 complete revolutions the angle 
turned through is 407r radians, and the distance moved through by a point at a 
distance of r from the center would be 407rr. The advantage of using radian in¬ 
stead of degrees as a measure of angles must be obvious in such problems, 
although the degree will still be found useful in compasses where the matter of 
symmetry is important and also in the use of trigonometric tables compiled for 
their use. 

Suppose the distance, s, and the angle of rotation, $, correspond to a time of 
t seconds: From the above equation it follows that: s/t = rO/t or v = wr, where 
V is linear and w is angular velocity, w is the Greek letter omega, generally used 
to represent angular velocity. But the linear velocity and the angular velocity 
may each have resulted from a constant acceleration extending over a period 
of t seconds. Dividing by t one has: 

v/t = rw/t or a = ra 

where a is linear acceleration and a (the Greek letter alpha) represents angular 
acceleration in radians/second-. 

In this manner one can show that for each formula one associates with linear 
motion there is a corresponding one for angular motion. A few of the more im¬ 
portant ones are listed in Table 1^1. 


Table 13-1 


Linear Motion 

1 

Angular Motion 

1 

+ 

11 

= CO| -f- Oct 

(2) 5 = Vit -h 

6 ~ 03it “h /^oct^ 

(3) 2as = 

2ad = 102^ — 

(4) F = ma 

L — la 

(5) Ft = mvo — mri 

Lit = /(t?2 — 

(6) Fs = 

= y^/a)2^ — 


The last three are included for completeness even though they may not be 
of immediate use. In these L represents the applied torque, which is defined as 
the product of the force acting. F, by the perpendicular distance of the axis of 
rotation from the line of action of the force. I is the usual symbol for moment 
of inertia defined, for a small particle of mass m at a distance of r from the 
axis, by the relation I = mr~. 

13.2. Illustrative Problems. (1) What is the angular acceleration of a 
rotating car wheel if its angular velocity changes from 10 to 20 radians/sec 
in 5 sec? Through what angle does the wheel turn and how far does the car 
travel during this time, assuming r ~ 1.25 ft? 


C02 — COi 




= 2 radians/sec* 
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e = Average ang vel X time = ?i±i2 x 5 = 75 ridians or, using (2) in the 
table above, 

0 = 10 X 5 + X 2 X 5- = 75 radians. 

s = 0r = 75x 1.25 = 93.75 ft 

(2) What is the angular velocity of a car wheel, in radians and also in revo¬ 
lutions per second, when it is going 45 mi/hr if the diameter of the wheel is 
2.5 ft? 

By computation 45 mi/hr = 66 ft/sec. 

o> - v/r = 66/1.25 = 52.8 ra/sec = 52.8/27r = 8.43 rev/sec 

13.3. Acceleration of a Body Moving in a Circular Path. Previous dis¬ 
cussions have shown that velocity is a vector quantity. This means that both 
direction and speed are involved, and if either is changed acceleration takes 
place. Suppose a small mass, m, be constrained to move in a circular path as 
shown in Fig. 13-2 and that during a period of t seconds it moves from a posi¬ 
tion M to a position A' in a i)ath whose radius is r, with a speed of v. At .1/ the 
velocity was and at N, Assume that v., differs from only in direction 
and that this change has been brouglit about by an acceleration a over a time 
t seconds. That is, tlie velocity vector added to v, to produce v. is at, as sliown 
by the vector diagram mno. From the geometry of the two figures, MNO and 
inno, it is seen that for small angles the two are similar; from which it follows 


m 
at 
n 

Fig. 13-2. Acceleration of a Fig. 13-3. Tllnstratinjj the variable curvature of 
body moving in a circle a typical mountain highway 

with constant speed 




that at/v = vt/r, hence that a = v~/r - w-r. Actually il/.VO is a sector of a 
circle, but for very small angles the difference between the sector and the tri¬ 
angle OWN becomes negligible and the angles dTVO and onm are both nearlv 
equal to 90°. The direction of the acceleration is thus seen to be perpendicular 
to the velocity and, therefore, continuously toward the center. 

It must be realized that this acceleration is experienced by any body moving 
in a curved i)atii; whetlier the path completes a circle or not. or whether the 
radius of curvature remains constant or not, tlie instantaneous radius and 
velocity determine the acceleration at any ))articular point, as suggestnl in 


Fig. 13-3. From the relation, v- = ar it is seen that for a constant v the accelera¬ 


tion varies inversely as the radius of 


curvature, their product remaining/ con¬ 


stant. 
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13.4. Centripetal and Centrifugal Force. It has been shown that wherever a 
mass, m, suffers an acceleration there is brought into play a force defined by the 
relation: F — ma. For a body moving in a circular path this force may be ex¬ 
pressed in one of the following forms, which an inspection will show to be 
equivalent: 

F — mv^/r = mtah = — mAn^r/T^ 

where n is the number of revolutions per second and T is the period in seconds 
of one revolution. The form to be used in any particular problem will depend 
on the data given in the problem, but whichever the form chosen it is essential 
that only absolute units be used. The force which acts on the body and con¬ 
strains it to move in a circle is called centripetal force. It may be exerted on m 
by a cord, by a curved railing or track, or by other agents. The reaction to this 
force, in the opposite direction, is called centrifugal force, and acts on the cord 
or other constraining agents. The student should consider carefully the way 
in which each of the three laws of Newton are illustrated in the matter of 
centripetal and centrifugal forces. 

Mechanically it is easily possible to give bodies very high angular speeds. 
In fact, forces equivalent to a million times that due to gravity acting on the 
same particle have been attained by specially designed centrifuges. Wheels 
made of our best steels have been “exploded” by high rotational speeds. Any 
separation process such as removing cream from milk, corpuscles from blood, 
solids from suspension, which might be brought about through the action of 
gravity, can be greatly expedited by the use of some form of a centrifuge. The 
time reciuired for any separation varies inversely as the square of the angular 
velocity developed. The centrifuge has become an essential tool in medical and 
biological laboratories, in chemical and other industries, as well as in research 
laboratories. With the ultracentrifuge, molecular sizes, say of proteins, may 
be determined, and our recent studies of viruses and of colloids have depended 
largely on this equipment. Certain blood tests, as a matter of routine, require 
the use of the centrifuge. The ultracentrifuges used even in analytical work 
develop forces up to say 300,000 times that of gravity, but they require such 
high speeds that they must be run in a vacuum chamber. 

The centrifuge microscope provides means of observing or even of photo¬ 
graphing materials while they are being centrifuged. These have made possible 
the direct studies of the stratification of materials in cells or, for example, in 
fish eggs. Indeed the ultracentrifuge and the centrifuge microscope have sup¬ 
plied much information that could not have been obtained by any other means, 
even by the recently developed electron microscope. 

Among the more common applications or illustrations of centrifugal forces 
may be mentioned the following. A bicyclist leans inward as he rounds a turn 
until the resultant of his weight and the centrifugal force arising out of the 
(ircular path taken, passes through the line joining the points of contact bc- 
t,ween the two wheels and the road, as shown in Fig. 13-4. Highways are banked. 



CENTRIFUGAL FORCE AND THE AVIATOR 


107 


at turns so that the resultant force at the center of gravity of the car passes 
midway between the right and the left wheels and, therefore, does not produce 
any tendency for the car to skid. The road should be banked to such an angle 
that its surface is at right angles to the resultant of the gravitational and centri¬ 
fugal forces acting on the car at the speed permitted on the highway as shown 
in Fig. 13-4. Cream separators are widely used on dairy farms. Centrifugal 
clothes driers long used in commercial laundries have in recent years been 
adapted to home washing machines. Centrifugal pumps are in wide use and have 


Fig. 13-4. A roadway is banked at a turn to make its sur¬ 
face normal to the resultant force on the center of gravity 
of vehicles making the turn at normal speeds 

a 



the advantage that they require no valves as do reciprocating pumps. Therefore, 
they can handle liquids having foreign bodies in suspension which would give 
rise to valve troubles in other types of pumps. 

13.5. Centrifugal Force and the Aviator. Each time a plane follows a 
curved path at high speed the body of the aviator is subjected to a force which 
may become, in the case of a dive-bomber coming out of a dive, man\ times 
that normally due to gravity, perhaps 5“G” (where “G” represents the normal 
gravitational force). One result is that the blood and other body fluids so dis¬ 
tend the vessels in the lower part of the body that a pooling of the blood takes 
place therein and the heart is unable to keep the brain adequately supplied. 
Because of this effect many pilots have become unconscious and have perished 


in a crash before regaining consciousness. 

One solution of this serious protilem, at least in part, was the development of 
the anti-G suit. Dr. Franks, a Canadian pliysician, had murii to do with design 
and the tests of two different types of suits. Each is essentially a double-layer 
garment closely fitting the calves, thighs, and the abdomen. In the one the space 
between the two layers is filled with water. The centrifugal force on this devel¬ 
ops a pressure on the body which largely neutralizes that due to the blood. Tlie 
heart is thereby enabled to continue to deliver blood to the brain, hence the 
pilot retains consciousness in spite of centrifugal forces which would otlierwise 
cause a “blackout.” The other tvpe uses air pressure supplied through a tube to 
the space between the layers of his suit, in place of the pressure due to centrif¬ 
ugal force on a liquid, as utilized in the first type. . . , 

In the course of tlie development of these suits and also in detennining the 
capacity of prospective pilots to withstand the effects of large centrifugal forces 
human centrifuges were developed by several of the countries at w;ir. That 
developed by the Canadian Royal Air Force is shown in Fig. 13-5. It consists 
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Fig. 13-5. A centrifuge designed to test the fitness of prospective airplane pilots 

(Courtesy of Royal Canadian Air Force) 


essentially at a 6-ft gondola suitably supported by a hinge from the end of a 
rotating framework, as shown. The latter can be driven at controllable speeds 
up to that which could give the subject seated in the gondola a force of about 
20G. Tests indicate that the average man suffers a “greyout” at 4G, a blackout 
at 5G, and becomes unconscious at about 6G. 


Problems 


1. How long will it take an engine to change its angular velocity from 200 to 400 
radians/sec if the angular acceleration is 8 radians 'sec*? Find, in radians and also in 
revolutions, tlie total angle turned through during this time. (A/is. 25 .see; 7500 radians; 


75()0/27r rev) 

2. .A certain motor is labeled “1760 rpm.’' To how many radians per second is this 
e(|uivalent? If its shaft carries a pulley 4 in. in diameter, what is the linear speed in 
feet per second of the belt it drives? 

3. Calculate the speed in feet per second and in miles per hour that a car must be 
driven around a circular track having a radius of 200 ft to develop an acceleration 
ecpial to that of gravity. (A/is. SO ft sec; 54.5 mi hr) 

4. What centripetal force does a car, having a speed of 45 mi dir along a circular 
track having a radius of 300 ft, exert on a 102-11) person in the car? How might he 
take care of it? 


5. At what angle should the road in Problem 4 be banked? (*4ns. 24®24') 

6. A boy wliirling a stone weighing 4 lb at the end of a string 3 ft long increased the 
speed until the string broke. .Assuming the plane of the circle was horizontal and the 
breaking .strength of the string was 24 lb, what was the linear speed of the stone at 
the time the string broke? Compute the final angular speed. 

7. In a “loop-the-loop” vertical track arrangement as shown in Fig. 13-6, how far 
d)ove the level ot the top of the circle 30 ft in diameter must the car start if it is 
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to follow the track around the top portion? Assume there are no frictional losses. 
{Ans. 7.5 ft) 


Fig. 13-6. If given sufficient initial velocity a car can 

successfully “loop the loop” 



8 . Assume a man’s arm is 2 ft long and that he can rotate it about his shoulder 
in a vertical circle once per second. Compare the centrifugal force developed with the 
gravitational force on the blood in his hand. 

9. During the war many casualties are believed to have been caused by aviators 
becoming unconscious while coming out of a power dive. Compare the centrifugal force 
on the blood of a pilot going at a speed of 300 mi/hr with that of gravity assuming 
a circular course having a radius of 1200 ft. (Ans. 5.04 times) 

10. What speed in miles per hour must an aviator have at the top of a “loop” if he 
is not strapped in to avoid leaving his seat, assuming a vertical loop and a radius of 

1000 ft? 

11. The upper end of a slender rod 50 cm long is hinged to a vertical rotating shaft 
at its upper end while the lower end of the rod carries a heavy mass. What is the angular 
velocity of the shaft when the rotating mass follows a circular horizontal path having a 
radius of 40 cm? Make a diagram of your understanding of the arrangement. (Ans. 5.7 

see ) 

12. A “jeep” driver in France observed that, in going over a hill having the curva- 
turrof a vertical circle of radius 20 m, he just barely remained on the seat. What was 

his speed in kilometers per hour? • , • i u • 

13. An aviator, in a jet plane, is speeding at 600 mi/hr in a vertical circle having 

a radius of R feet. At the bottom of the circle he experiences a total force of 3.5 times 

his normal weight. Find R. (Ans. 9680 ft) 

14. A motor making 1760 rpm carries a 2-in. pulley which drives, by means of a 
belt a 12-in. pullev. To the latter is attached a 2.5-iii. pulley which in turn drives a 
10-in. pulley mounted on the vertical shaft of a turntable. Find the angular velocity 
of the turntable, expressed in rps and also in radians/sec. Include a top-view sketch of 

the arrangement. . 

15 An object weighing 4 lb rests on the table of Prolilem 14 with its center of mass 

4 in. from the axis of rotation. If the coefficient of friction between the block and the 
table is 0.35, at what angular speed will the block slip off as the speed is increased 
from zero up to its normal speed? (Ans. 5.8 radians/sec) 

16. A laboratory technician is centrifuging a blood sample at an angular speed of 
3000 rpm. If the radius of the circular path followed by the sample is 15 cm, find the 
speed of the sample in cm/sec and in mi/hr. Your an.-^wer should make clear the im¬ 
portance of providing a sturdy enclosure for the rotor of a centrifuge. 


Suggested Readings 

Cilasser, 0. (Editor), Medical Physics, / and II, 2nd ed. (The Year Book Publi.-liors, 

The Journal of the Canadian Medical Services, Vol. 4, No. 1, p. 95, 1946. 

See other general texts of university grade. 





simple Periodic Motion 


For the last three centuries man has been timing events by clocks and watches 
that depend for their control on the simple to-and-fro movements of a pendulum 
or of a balance wheel. It was Galileo who first noticed that a chandelier in a 
cathedral had a period of swing which was quite independent of the amplitude 
of its swing. It is interesting to note that this cathedral is on grounds adjoining 
those of the famous leaning tower of Pisa where he first demonstrated the laws 
of falling bodies. History tells us that he timed the period of swing by using 
his pulse rate as a timer, in striking reversal of the present practice according 
to which a physician times the pulse by the vibrations of a balance wheel of a 
watch. His discovery was of basic importance, because no timepiece would be 
reliable if the period of swing depended materially on the amplitude of its bal¬ 
ance wheel. Aside from timers many other devices of our civilization and phe¬ 
nomena of nature have to do in some way or other with such simple periodic 
motions. For example, all musical instruments owe their usefulness to vibra¬ 
tions which are combinations of vibrations of the simple periodic type, a rule 
which is reflected in the fact that many authors refer to such motions as “simple 
harmonic motions” rather than as simple periodic motions. Such motions are 
important even in the fields of light and electricity. 

14.1. General Considerations Regarding Simple Periodic Motions (SPM). 
There are certain features which are common to all vibratory motions of this 
tyjie, among wliich arc: 

1. The vibrations occur about a neutral point as a center at which the body 
remains when at rest. 

2. When the body is displaced from its position of rest there comes into play 
a restoring force which is proportional to tlie displacement, and which tends 
to restore the body to its position of rest. The direction of this force is always 
opposite to that of the displacement. 

3. The body must possess the equivalent of inertia which makes it go past 
its position of rest, thus continuing its motion in a backward and forw'ard oscil¬ 
lation until the energy imparted to the vibrating body is lost due to frictional 
effects. 

4. The frictional effects must be small compared to the restoring forces. One 
would not expect a pendulum to vibrate in a barrel of molasses. 

14.2. Illustrations of Simple Periodic Motions. Suppose a long coiled 
spring be used to suspend a mass, rn, as shown in Fig. 14-1. If a force be applied 
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to ?rt sufficient to displace it 1 cm downward, the reaction force of the spring 
will tend to restore m to its position of rest. If in be displaced 2 cm the restoring 
force is twice as great, for 3 cm three times as great, and for r cm r times as 
great as for 1 cm. If the applied force be removed when in is r centimeters from 
its position of rest, the reaction force will accelerate the mass m toward this 
position; but this reaction force, hence the accel¬ 
eration, diminishes as m approaches its rest posi¬ 
tion where both the force and the acceleration 
become zero. But in has been gaining velocity up 
to this point during its entire return trip, and its 
inertia will cause it to pass on through its rest 
position. As this happens a restoring force again 
comes into play, a force which will increase with 
the displacement of m exactly at the same rate 
and in the same manner as during the displace¬ 
ment downward, although in the opposite direc¬ 
tion. This means that m will be brought to rest 

at a displacement of r cm above the rest point _3 



(neglecting frictional effects). Immediately there¬ 
after it will start back, pass through the zero 
point, and come to rest again at a point r cm 
below this point, just as before. This vibratory 


• r 

Fig. 14-1. Convenient arrange¬ 
ment for demonstrating simjde 


periodic motion 


motion would keep up indefinitely except for the frictional losses. It offers a 


familiar example of a simple periodic motion. This motion would have been the 
same in character whatever the displacement at which it was released and the 


same also in period. 

14.3. Definitions of Terms. The time required by m to move from its zero 
position to -H r, then to - r and back to the zero point again is called the period 
of vibration, and this group of movements together constitute one cycle. If the 
period, usually designated by T, is very short, say a small fraction of a second, 
as it would be in the case of a vibrating piano wire, one is more likely to refer 
to the number of vibrations or the frequency, or the cycles per second, n, 
rather than to T. Obviously T = 1/n orn - \/T. The distance of rn from its 
point of rest at any instant is referred to as its displacement, y, and the maxi¬ 
mum displacement, r, is the amplitude of vibration. If two like springs with 
like masses were hung side by side, given equal disi)laccments, and then were 
released simultaneously, they would keep together all the time in their up and 
down vibrations. These vibrations would be described as being in phase, but if 
one mass were at the top the instant the other reached its lowest position they 
would be in opposite phase. The term phase refers to the stage reached in a 
vibration but carries no implication with respect to the amplitude of vibration; 
one might have ten times the amplitude that another has anrl yet vil)rate in 
phase. If the two periods wore different, then the phase difference between the 
two vibrations would constantly change. 
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14.4. Reference Circle. It would be rather difficult to formulate mathemati¬ 
cally the motion described in words in the last paragraph directly from the 
example given. Fortunately, another approach greatly simplifies the problem. 
It has been shown that the projection on a diameter of a point moving with 



Fig. 14-2. Lecture demonstration of simple periodic motion projected on a screen 


uniform speed in a circular path executes simple periodic motion. A mathe¬ 
matical description based on the known behavior of the point can be extended, 
therefore, to its projection. In Fig. 14^2 is shown an arrangement by which 
tlie nature of the motion can be demonstrated experimentally. A projection 
illuminant with its condenser lenses is made to throw a parallel beam of light 
horizontally. In this beam is arranged a mass, ni, with its long supporting spring 
closely in front or to one side of a vertical disk. The latter has its axis of rota¬ 
tion normal to the direction of the beam and at the same height as the rest 
position of the mass, m. It carries a handle, H, designed to throw a shadow on 
the screen, 8, as closely adjacent as possible to the shadow of m. If the ampli¬ 
tude of m is made equal to r, the radius arm of H, and if H is given the same 
period as m, and the two are made to agree in phase, it will be observed that 
their shadows on S remain together constantly during their vibrations. The 

experiment thus demonstrates that the 
projection on a diameter, in this case on 
a screen, of a body moving with uniform 
speed in a circle executes a simple pe¬ 
riodic motion, hence may be used as a 
basis for describing the motion. 

14.5. Application of Reference Circle. 
Suppose that the disk and the spring por¬ 
tion of Fig. 14-2 be shown on a larger 
scale as in Fig. 14-3, although with H 
and m made small for greater conven¬ 
ience in geometrical considerations. In 
this case the projection of the vibrating 
mass on the diameter, rather than on a 
screen, will be studied. The vertical ve- 



*= uircos 


■OsOq sin 0 
= sin 0 

= 4 TT^n^y 
= 4 TTiy/J 


Fig. 14-3. The projection on a diameter 
of a body moving with uniform speed in 
a circular path executes sinqde periodic 

motion 


locity of Hg, the shadow of H, at all points in its excursion will be precisely the 
vertical component of v^, the tangential velocity of II. In the previous chapter 
it was shown that = wr. From Fig. 14-3 it is seen that this vertical component 

is i; = cos 0 = tar cos $. But r cos 6 = x = \/?-' — y- where y is the displace- 
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mcnt of H from the mid-point, 0. From tliis it follows: v = - y-, a useful 

relation in many ])rol)lcms. 

In a similar manner one may derive an expression for the acceleration of H, 
toward its mid-position, 0. In the previous chapter it was proved that the accel¬ 
eration of a boiiy moving in a circular path is toward the center and is given 
by the relation: = vj, r = w-r. The projection of this on the vertical diameter 
is: a = io-r sin B = w-ij = ATrhi-y = Airy/T-, since n = \/T. From the general 
law, / = ma, it follows that the force tending to restore a body vibrating in 
simple periodic motion to its p osition of rest is: / = Airhi-ym = ^irym/T-. The 
period of vibration is T — 2Tr\/lmjJJ ~ 2ir\/~mjj~\, where /j is the force required 
to displace the body unit distance from its position of rest. This relation, like¬ 
wise, has many applications. 

It is instructive to compare deductions from the formulas with those from 
the corresponding experimental stages. In the mid- or zero position at 0, 
and m have their maximum velocity. Since for this position the value of y is 
zero, the expression v = w\/''" ~ ir simplifies to v = wr = v^ = 2Trnr = 27 rr/T. 
Thus it is seen that in this position tlie value of v is that of II itself, and is 
the maximum that it can have. At the extreme vertical i)oints of their path at 
P and at P' both II^ and m have zero vertical motion. This conclusion could be 
anticijiated from the relation, v = oi\/r- — y- since, wlien y — ±r, r’ = 0. 

Next consider accelerations: at the point O', m is at its i)osition of equilibrium, 
hence there is no force acting on it, therefore no acceleration. The same con¬ 
clusion would follow from a consideration of one of the expressions for accelera¬ 
tion, such as: a = ory, since, when y = 0, a = 0, But at the points P and P', y 
has its greatest value, lienee both the acceleration and the restoring force 
F = <ji-my have their greatest value at these points. Incidentally, it is important 
to note that this maximum force F = ormr is ])recisely the centripetal force a 
body of mass in would have if moving with a velocity in a circle of radius r, 
a fact useful in dealing with certain problems. This reference circle serves to 
clarify also the meaning of jiha-sc difi'erence. For example, if the angles B for 
two ditferent vibrating bodies dilYer by fiO® they arc said to have a phase dif¬ 
ference of 60® or 770 or n/Z. 

14.6. Graphical Representation of v and of a. It is instructive to show the 
variations of v and a with time, t, in the form of curves. To do this, plot t as 
abscissas against v, or a, as ordinates, as shown in Fig. 14-4, in which t = 0 
when m and II^ pass through the 00' position in the positive direction. At this 
))oint V is at its maximum value. At P the vertical component of is zero, and 
a quarter-period later //, passes with maximum speed again through 0 but in 
the reverse direction, the speed falling to zero again at P'. At the next jiassagc 
through O, the cycle is complete, and from this time on the cycle is repeated 
once in eacli succeeding T seconds. The .student will recognize the curve for 
V as the “cosine curve,” as might be expected from the relation shown in Fig. 
14-3, namely, v = i\, cos o)t = o>r cos «>t, since B = i»f. 

The corresponding tairvc for a, shown by the dotted line, is similar to that 
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for V but displaced by 90° or T/4, since a is zero when m and H, are at 00' 

where v has its maximum value. This curve is called the sine curve in agree¬ 
ment with the relation a = <t>h sin wi, 

given above. 

Many physiological experiments, such 
as one on muscle activity, make use of 
a tracing by a stylus on a band of smoked 
paper or on a smoked drum, which is 
then compared with one made by a stylus 
actuated by a vibrator of known fre¬ 
quency, for timing. A trace left by a 
tuning fork making 100 cycles would 
show a complete cycle, such as is shown 
in Fig. 14-4, every one-hundredth of a 
second. (See Fig. 2-3) 

14.7. Special Cases of Simple Periodic Motion. The equations given in the 
preceding paragraphs may be applied not only to a mass, m, vibrating at the 
end of a coiled spring but to simple periodic motions generally. Consider, for 
example, the simple pendulum. We have developed the relation: a = or 

T = 2Tr\/y7a = 2Tr'\/x/a, where a horizontal displacement x replaces the verti¬ 
cal displacement, y. From the geometrical relations made obvious in Fig. 14-5 
it is seen that for small angles, a/g = x/L or x/a = L/g. By the substitution 
of L/g for x/a in the expression given above one 
obtains the law of the simple pendulum, which is, 

T = 2-rrVL7g 

One should note that, assuming small angles 
of displacement, the period of the pendulum is 
independent of the amplitude and also of the 
mass of the bob, although one might not expect 
intuitively this to be the case. 

The relation, F ~ An-mx/T- may be simplified 
by using to represent the force necessary to 
displace the vibrating mass, m, by unit distance; 
in other words Fj is the value of F when x = 1. 

With this change one obtains; 

Fi==47r2m/r2 or T = 27r^/IW[ ='^/n 

Thus, one needs to know only the value of Fj 
and of m to determine the value of either T or 
of n. 

Actually in any practical case the supporting spring or its equivalent must 
itself vibrate by an amount which varies from zero at the top to the full ampli¬ 
tude of m at the bottom. It has been shown that one can allow for this rather 



Fig. 14-5. The acceleration of 
a pendulum bob is propor¬ 
tional to its distance from the 
vertical line passing through 
its point of support, for small 
amplitudes 



Fig. 14-4. Variations in the velocity 
and in the acceleration of a body in 
simple periodic motion 
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small effect by adding to in one-third of the mass of the vibrating spring, but in 
most cases the effect is considered negligible. 

It is interesting to see how the relation T = 2w^m/F^ might be extended to 
apply to rotational vibrations such as those of a balance wheel in a watch, even 
though a treatment of this field cannot be included in this text. 

T = 2n\/mryF^r-r = 2-n\/T7L^ 


where 7 is the moment of inertia of the vibrating body about its axis of rotation 
and Lj is the torque required to produce a deflection of 1 radian from its equilib¬ 
rium position. 

Again the student is reminded that all the equations above, which have to 
do with forces, are special cases of the fundamental relation, F = nm; hence 
only absolute units may be used: F in dynes or in poundals, m in grams or in 
pounds of mass, a in centimeters or in feet per second-, and x in centimeters 
or in feet. 

14.8. Resonance. If two pendulums, A and B, are suspended from the same 
arm of a laboratory support and if they have the same period it may be demon¬ 
strated that if .4 is set into vibration B will go into similar vibration, in res¬ 
onance with .4. This may be explained by the fact that each time .4 swings to 
one side it transmits to i? a slight impulse in the same direction; thus for each 
half-vibration B receives an added impulse. Because these are cumulative, B 
soon acquires a much larger amplitude than any single impulse could give it. 
If one sings a particular note into the inside of a piano for a short period while 
at the same time holding down the “loud” pedal, he should be able to hear the 
sound produced by those wires which respond by resonance to the various com¬ 
ponents of his voice. Parts of an automobile may go into an annoying vibration 
when the engine vibrations, or the “washboard” vibrations due to the road, 
attain the same frequencies as the natural frequencies of the parts of the car 
concerned. Armies on the march generally “break step” in crossing a bridge. 
Resonance is a commonly observed phenomenon in all branches of physics. For 
examples one has resonance in spectroscopy, and resonance in electrical circuits. 
Resonance circuits are necessarily included in radio transmitters and receivers. 
14.9. The Solution of Problems on Simple Periodic Motions. Problems on 
SPM arc farther removed from one’s experience than most problems in me¬ 
chanics, and the student may find his “intuition” less reliable. Yet if the rather 
simple algebraic relations and their implications are fully understood the i)rob- 
lems need not present any unusual difficulty. It will be found that most ex¬ 
pressions involve only three or four quantities. The student should list as many 
of the numerical values of F, m, a, v, r, T, and n, as the data include, and elu'ck 
the ones to be calculated. He should have collected on one page all the formulas 
developed in Chapters 13 and 14, and have made a careful study of them as a 
group. With this information and material at hand it should not be difneult to 
select a relation wbich includes only known quantities and one unknown to be 
determined. In many problems not all of the data supplied are needeil to solve 
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for a particular quantity. It is important that the units be stated in any solution 
of a problem. The student should find it both interesting and helpful to study the 
presentation in other texts, especially those dealing with Mechanics exclusively, 
of the general problem of simple periodic motions. 


Problems 

1. A mass of 50 gm suspended by a long spiral spring makes 2 complete vibrations 
per second through a total distance of 6 cm. Find its (a) amplitude, (b) maximum 
velocity, and (c) maximum acceleration. (An5. 3 cm; 37.7 cm/sec; 473 cm/sec") 

2. In Problem 1 find the restoring force in dynes and in grams, also its velocity, in 
each case for a displacement of 2 cm. 

3. If it takes 20 gm of force to stretch a spiral spring by 1 cm, what would be the 
period of vibration if a 500-gm mass were hung on the spring and set into vibration? 
(A7J5. 1.+ sec) 

4. By means of a measuring microscope it was observed that a certain vibrating 
wire had a total excursion of 0.4 cm when making 200 cycles/sec. What was the greatest 
lateral velocity it had at any point, and the greatest acceleration? Name the position 
for each case. 

5. What must be the length in centimeters of a pendulum that is to beat seconds 
{T = 2 sec) at a place where the acceleration of gravity is 980 cm/sec^? What is the 
equivalent length in inches? [Ans. 99.3 cm; 39.14 in.) 

G. For a given spring how does the period of vibration depend on the mass sup¬ 
ported? If a certain spring carrying a mass of 240 gm has a period of 1.2 sec, to what 
value should the mass be changed to reduce the period to 1 sec? 

7. Calculate the period of an oscillating spring if its amplitude is 10 cm and its 
greatest speed is 30 cm/sec. {Ans. 2.094 sec) 

8. The center of gravity of a boy in a rope swing is 12 ft below the supporting rings 
in the cross-beam. Find the period of swing if {/ = 32 ft/sec". 

9. A mass of 100 gm stretches the supporting spring 2 cm. If an additional mass of 
500 gm is added and the combined mass is set into vibration with an amplitude of 
4 cm, what is the period of vibration? Find the velocity at one-twelfth of a period 
after it has passed its zero point. (Ans. 0.694 sec; 31.3 cm/sec) 

10. Find the acceleration of the mass and the restoring force of the spring in 
Problem 9 at the particular instant mentioned. 

11. A builder is hoisting a motor by means of a cable passing over a pulley supported 
from a top-floor beam. Find the ratio between the period of swing for the instant when 
the motor is 64 ft, with that when the motor is at each of the distances 36 ft, 16 ft, 
and 4 ft, respectively, from the pulley. (A»s. 4 3; 2; and 4) 

12. A student was given a 30-gm spring and a set of weights and asked to obtain a 
vibrator with a period of exactly 1 sec. When he hung a mass of SO gm on the spring, 
the period was 0.96 sec. Neglecting the mass of the spring, calculate the mass that he 
should hang on the spring. Also, calculate the mass needed, making due allowance for 
the mass of the spring. 

13. A student found that a mass of 24 gm stretched a spring A by 1.2 cm, spring 
B, 0.8 cm, and C. 1.4 cm. lie then substituted a steel sphere for the 24-gm mass and 
observed the period of vibration, using A, to be 0.48 sec. Find the periods of vibration 
for the springs B and C. assuming the same sphere is used. (Ahs. 0.392 sec; 0.518 sec) 

14. Draw a circle having a radius of 4 cm on cross-section paper, tangent to the left 
?dge of the ruled area, and divide it into 16 equal sectors by drawing eight diameters. 
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Extend the horizontal diameter to the right side of the page, and mark off on it 16 
equal spaces conveniently chosen but using most of the line. At each of these division- 
points plot in turn the ordinates of the division-points on the circle. A curve through 
the series of plotted points should be a true sine-curve. In what way would a cosine- 
curve differ from this curve? 



15 

Kinetic Theory of Gases 

In all of the foregoing discussions of the various aspects of mechanics one 
visualized bodies of tangible size. Yet no statement was made which would 
suggest that the same laws would not apply to bodies of molecular magnitude, 
even to the smallest particles that exist. The relations, F — ma and E = 
for example, apply equally well to a planet, to a stone weighing tons or to the 
lightest molecule, even to the electron. Indeed the applications of the principles 
of mechanics have furnished the explanations of the behavior of gases without 
the need of presuming any special laws which would apply to gases only. 

15.1. Basic Assumptions. The volume of the air at normal pressure required 
to fill an automobile tire may be several times the volume of the tire. When a 
blowout occurs the air resumes its normal volume with explosive violence. From 
these facts one must conclude that between the molecules of the air there must 
be a great deal of space, and that molecules have high velocities. Experience and 
theory show that gases under ordinary conditions are really mostly space, and 
that additional molecules of the same or of different kinds can be introduced into 
these spaces. jMolecular motions are indicated by the observation that after 
freeing a perfume in one corner of a room it can be detected in all other parts 
of the room as a result of the diffusion of the molecules of perfume through the 
intermolecular spaces. It may be helpful to imagine a large room containing 
many tennis, ping pong, and other balls, all kept in motion by some mechanical 
means. These, during their motions, would collide with one another and against 
the wall; some would gain speed in their collision, others would lose, depending 
on the nature of the collisions made. The lighter ping pong balls on the average 
would be found to have higher speeds than the heavier tennis balls. But the 
kinetic encrg>^ would be the same on the average for each type of ball regardless 
of the mass, assuming for illustrative purposes that their behavior is analogous 
to that of gas molecules. 

15,2. Brownian Movements. More than a century ago (1827), Robert Brown 
observed that minute particles in suspension, when view'ed under a microscope 
of, say, 400 magnification, appeared to be alive, to be in constant agitated mo¬ 
tion, at random with respect to direction, velocity, and length of travel in any 
particular direction. Later, with the development of the kinetic theory of gases, 
the movements could be explained readily by assuming that at any instant the 
Ijombardment on two opposite sides of the particle would never be the same and 
hence the particle would yield to the stronger force. Such being the case, the 
direction, velocity, and distance moved would vary according to the laws of 
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Fig. 15-1. Arrangement of an 
ultramicroseope for showing 
Brownian movements 


chance, just as has been observed. The movements may be observed readily by 
adding a drop of India ink or fine rouge to a liquid and then viewing it under an 
ultra-microscope, with such an arrangement as indicated in Fig. 15-1. Since only 
the light scattered by the particles is able to enter 
the eye one is not blinded by the strong glare of 
the illuminant and is able to see spots of light or 
“stars,” even though the details of the particles 
themselves cannot be resolved. 

A similar behavior on the part of somewhat 
larger particles may be demonstrated with the 
apparatus shown in Fig. 15-2. When the large 
evacuated tube, which contains a quantity of 
mercury and powdered glass or other particles, is 
heated until the mercury boils vigorously, the 
momenta of the rising molecules of mercury are 

sufficient to support the relatively large particles in the space above the mer¬ 
cury. In fact, the particles seem to ride on the blast of mercury vapor, all the 
time exhibiting a wide variety of velocities and directions of motion throughout 
a consideral>le portion of the tube. They may be viewed directly or by the aid 
of an ordinary projection lantern. 

A somewhat similar phenomenon may be observed by admitting a narrow 
beam of direct sunlight into a well-darkened room in which du.st is present in 

the air. The small dust particle.s scatter enough 
light to the eye to make them visible, and to 
demonstrate their continuous haphazard motion. 
Some of the [larticles seen may be heavy enough 
to fall under the influence of gravity, but most 
of them will show a drift with the convection cur¬ 
rents as well as their own random movements. 
15.3. Diffusion of Gases. Tlie ready passage 
of a gas through a porous substance and the mix¬ 
ing of two gase.s—in other words, the diffusion 
of gases—ofl'er further evidence of the motion of 
the individual molecules, and of the independ(‘nc(‘ 
of one gas of the presence in the saim* space of 
another gas. d he well-known porous cup experi¬ 
ment ofTers a clear demonstration of tlie phe¬ 
nomena. The v'cry simi>le arrangement refpiired is shown in Fig. 15-3 in which 
is shown a porous eartln-nware cup closed by an inverted glass beaker. .\s xion 
as th(? hydrogen is introduced into this beaker it diffusi's through tlie wall of the 
porou.s cup and builds up a pressure greater than that of the atmo'pliere and 
crowds some of the container! air out through the tubr-. as may hr >hown !>>• 
immersing the lower end of the tube in a small vessel of liriuid through which 
the gas must ljubl)!e as it escajies. 'fhe lighter byrlrogen nioleeuh-s ha\'e higher 


/\ 


Fig. 15-2. Glass particle.'? .sup¬ 
ported on the vapor from boil¬ 
ing mercury .show random ve¬ 
locities .similar to tlirjsc cli.arac- 
teristic of molecule.s of Liases 
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velocities than have the air molecules in the cup and, therefore, move in through 
the pores of the wall more rapidly than the molecules of the air can move out, 
hence the development of the excess pressure on the inside. If, after this has con¬ 
tinued for a few minutes, the beaker is removed, the reverse process will take 
place since there is no longer any influx of hydrogen. That which is already on 

the inside will escape more rapidly than air can 
enter from the outside to take its place. There¬ 
fore, the pressure on the inside falls below normal 
and the liquid is pressed upward in the tube by 
the outside atmospheric pressure. Finally there 
will be only air on either side and the pressure 
will be the same inside and outside. This does not 
mean, however, that the process of diffusion has 
ceased, but rather that the number of molecules 
diffusing into the cup in any interval of time is 
equal to the number escaping by diffusion in the 
same time. 

15.4. Air Pumps. In the middle of the seven¬ 
teenth century Otto von Guericke invented an 
air pump of the piston type and little advance, 
beyond mechanical improvements, was made until the present century. In 
recent years various forms of the rotary oil pump, one of which is shown 
in Fig. 15-4, have been developed to such a high degree of efficiency that 


Fin. 15-3. Molecules of hydro¬ 
gen diffuse through the wall 
of a porous cup more rapidly 
than do the molecules of air 



Fig. 15-^. Typical air pump (Cenco-Pre^ovac) (Courtesy of Central Scientific Co.) 
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the slower piston type pump is rarely used to obtain a vacuum. To attain the 
extremely low vacuum required by the modern x-ray and electronic tubes even 
the fastest oil pumps are hardly good enough except when supported b}’’ a dif¬ 
fusion pump of some type. Such pumps do not require valves of any sort; the 
tubes joining the pump to the vessel to be exhausted may be made as large as 
desired. This becomes extremely important at the very low pressures at which 
molecules may go from wall to wall without colliding with other molecules, 
hence at which the probability of striking the exit tube is of greater importance 
than any pressure effect due to residual molecules. 

The action of such pumps is extremely simple, as will be seen readily from 
Fig. 15-5. Vapor of the pumping fluid which is contained in the boiler, B, is 
directed through a nozzle, N, into the center of the 
tube through which the vessel, V, is to be exhausted. 

Any molecules from V chancing to enter the stream 
of vai)or in front of tlie nozzle arc given forward 
momenta through collisions and are swept along 
witli the stream of vapor to the lower exit tube. 

Here a back prc.s.'^urc would develo}) sufficient to 
send tliese molecules back against tlie vapor stream 
except for tlie action of a fore-pump, usually of the 
rotary oil pump type, which is provided to remove 
the molecules as fast as they arrive with the va¬ 
por stream. Through either air or water cooling, 
the vapor is condensed after it has done its work 
The condensate itself has certain vapor pressure 


Water 



Fio. 1')-.^. Simple one-stnire 
(lilTusioii j)iinip 


and there is a tendency for tlie vapor to go against the stream of ga.s Ixing re¬ 
moved from the vessel. This means that even dilTusion pumps have lower 
limits of vacua which depend upon the vapor pressure of the pumping fluid. 
For years only mercury was used. Init its vapor jiressure at room tempera¬ 
tures is 0.0013 millimeter of mercury. To attain jircssures lower than this one 
makes use of one of the newly discovered oils, for example, “Apiezon” which at 
room temperature has a vapor pressure between 10“’' and 10“' cm of mercury, 
dejiending on the grade. 

When exhau.sting large volumes or exhausting to very high vacua it is found 
ailvisalile to use two or three dilTusion pumps in .series or else a simple two- or 
lliree-stage pump to feed the mechanical pump. A single stage would hardly 
develof) a fore-pressure at which the mechanical pump would op(*rate (‘fficiently. 
15.5. Calculation of Gas Pressure. A\’hile the velocities of individual mole¬ 
cules vary widely in both magnitude and direction one can make certain usiU'ul 
calculations on tlu^ basis of an aviTage velocity. Since it has beim shown tlia^ 
all jiarticles in a gas or gaseous mixture have the same average? kinetic <‘nert:v 
(or 2 //n/--value) over a period of time, it has been found better to take a^ tlic 
average .speed the stpiare root of the average value of the scjuare of the* tnolecuiai’ 
speed or v=\/\- where v- represents the average value of v'-. 'I'lils tvpi of 
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average is known as the “root moan square” (RMS) value and is employed 
in more than one field of physics. Any particular velocity can be resolved into 
its A'-, and Z-components. For simplicity consider the gas molecules within 
a cubical vessel 1 cm on a side. The sum of all the A'-components must be the 
same as that of the V- and also of the Z-components, since there is no preferen¬ 
tial direction of motion. For tlie sake of further simplification one may assume 
that one-third the total number, A\ or AV3 molecules arc moving only in the 
direction of the A'-axis and that they go from side to side without collisions with 
other molecules. Actually such collisions would not affect the situation since 
momentum lost by one molecule would be acquired by the one with which it 
collided. One may then proceed to calculate the pressure on one of the faces of 
tlie cube perpendicular to this axis. Between any two successive impacts on this 
face each molecule must travel a distance of 2 cm, hence must make v/2 col¬ 
lisions on this face per second. Each time it collides with this face it loses a 
momentum of mv in one direction and acquires a like momentum in the opposite 
direction, so that the total change in momentum is 2mv per collision. The total 
change in momentum at this one face per second is therefore .V/3 • 2mv • v/2 = 
.Vmi’V3. But the change in momentum per second is a measure of the force 
exerted (recall Newton’s second law of motion), and the force per square centi¬ 
meter is by definition the pressure. Therefore, it follows: p = Ntnv-/S. Since this 
relation grows out of an equation based on absolute units it follows that the 
pressure defined by the last relation must be in dynes per square centimeter, 
i^ince the pressure of a gas is independent of the shape of the vessel the expres¬ 
sion for pressure may be taken as a perfectly general one. 

Since Nrn is the mass of the gas in 1 cm^ in other words its density, the ex¬ 
pression may be further simplified by substituting d for Xm. 

Hence p - dv-/3 

This simple expression enables one to calculate the average speed of the mole¬ 
cules in any gas whose pressure and density are known. For example, if oxygen 
has a density of 0.001429 at a pressure of 76 cm of mercury, the average velocity 
of the molecules of oxygen may be computed thus: 

V = V3/>7d = \/3 X 76 X 13.6 X 980/0.001429 = 46100 cm/sec 

This is more than a (luarter of a mile per second or over 1000 mi/hr. 

hrom the above relation other important deductions may be made. For ex¬ 
ample, it is seen that for a given pressure the density of a gas varies inversely as 
the square of the average velocity. But, as will be shown later, the density 
varies inversely also as the absolute temperature; hence it follows that the 
absolute temperature varies directly as the kinetic energy of the molecules. 
From this one would conclude that the temperature of a gaseous substance de¬ 
pends primarily on the kinetic energy of the molecules and that the absolute 
zero must be that temperature at which molecular motions cease. 
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For t^\o gases under like pressures and kinetic energies, or temperatures (see 
Chapter 17), the following two relations hold: 

and m^v^^/2 = m^v^^/2 

By division it follows that N^-N^ which means that, under like conditions of 

piessure and temperature, like volumes of different gases contain the same 

number of molecules. This is a statement of Avogadro’s Rule, named in honor 

of the Italian professor who proposed it in 1811. The value of N for any gas 

under standard conditions of temperature and pressure is 2.69 X molecules 
I)er euhic centimeter. 

Since diffu.sion depends on tlie velocity of the molecules it follows from the 

relation. 3/) — ~ d.^v.r that i\/v.^ ~ y'd.^/d^. Stated in words this means 

that, for different gases at the same pressure, the rates of diffusion vary in- 

versely as square roots of their densities. This is known as Graham’s law of 
diffusion. 

Certain other general laws for gases, also, follow from the relation p = dv~/S^ 
which may be extended to any mass, .1/, of a gas occupying a volume of V cubic 
centimeters. Since d - M/V it follows that P = .Vt’-/3r. 

PV =z Afv-/3 =: constant 

for any definite mass of gas at a fixed temperature. This is a statement of tlie 
well-known Boyle’s law. 

15.6. Partial Pressures. Fach individual gas in any inixtun* of ga>es and 
vapors exerts tlie same pressure tliat it would exert if it were the only gas present 
in tlie enclosure. This pressure is called the partial pres.sure of this particular 
gas, and the total pressure of the gases pr(‘sent is e(iual to the sum of their 
partial pressures. If the gases are uncontined, this sum is simply the barometric 
pres.'-ure. If tlie percentage of water or other vaiior is abnormally high, it follows 
that the partial pres>ures of fla* remaining constituents must b(‘ lower than 
normal. I o illu>t rate, it either ether or chloroform va[)or is taken into the lungs, 
the percentage of oxygen may be very materially reiluced since the vapor pres¬ 
sures of these two .^ub^^tam-es are particularly high. Indeed it has been suggested 
that the action of certain anesthetics (nitrous oxide, in jiarticular) may be du(‘ 
in part to the material reduction in the intake of oxygen resulting from breath¬ 
ing in air in which the p.-irtial jire-ssure of the anesthetic is high. The partial 
pics.-ure of water vapor in the lungs is about 17 mm of mi-rcury, or 6,2 per cent 
of the total jiressure at sea level. Hut, at an altitude of 40,000 ft where the total 
pressure is roughly one-fifth that at sea level, the [lartial pre>sure due to the 
water vai>or within the lungs is relatively live times as great as at sea level, 
jind amount.^ to approximately one-third of tht' total. .\t the highot ahitiidr 
readied by .stratosphere lialloons tin- total pressure is h >s than that of ,satuiat« d 
water vapor at the temperature of the body. Idxperieiiee has diown that, at 
altituiles above about 12,000 ft, the aviator nm.d have added to tin .tir inhaled 
ai amount of oxygen which increases rapirily with the altitude at whidi he flies. 
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An interruption of the supply may result fatally before the plane can dive to 
levels at which the partial pressure of oxygen is adequate to sustain life. The 
oxygen may be supplied either by masks or by means of a pressurized chamber. 

It has been estimated that a man weigliing 175 lb requires roughly 400 cmV 
min of oxygen. This amount will not pass through the membrane of the lungs to 
the blood unless the partial pressure of oxygen is maintained near to the normal 
value. If one is exercising strenuously, the oxygen requirement is greater; hence 
deeper and more rapid breathing is required to keep the partial pressure of 
oxygen at the proper level. 

The rates of actions of catalytic agents and of adsorbents arc related to both 
their rates of diffusion and to their partial pressures. 

15.7. Kinetic Theory of Liquids and Solids. While the discussions of this 
chapter have had to do with the kinetic theory of gases specifically, many of 
the basic principles are closely related to analogous phenomena having to do 
with liquids and solids. In these, molecular motions increase with the tempera¬ 
ture and diflusion plays an important role, but the molecules are so close to¬ 
gether tliat molecular forces play the major part, a part negligible in the case 
of gases at ordinary pressures. Tliese forces complicate matters. Rules pertain¬ 
ing to liquids or solids are neither as general nor as simple as those pertaining 
to gases. 


Problems 


1. \ radio tube having a volume of 100 cm’ was exhau.^ted to a pre.^sure of 10'^ cm 
of mercury at the factory. What fraction of the original pressure does thus pressure 
rei)resent? How many molecules were left in the tube? (/1r.s. 1/700.000.0(M)fh; 3.56 X 
10'-) 

2. If the tube of Problem 1 was exhausted in 20 min, what was the average number 
of molecules removed per second neglecting the trace remaining in the tube? 

3. On a day when the barometer pressure is 75 cm and the partial pressure of its 
oxygen is 15 cm of mercury, a patient is breathing air which is 00 per cent saturated 
with ether vapor. If the saturated vapor pressure of ether at the room temperature is 
45 cm, what is the partial pressure of the oxygen in the air taken into the lungs? 
(/h(s, 0.0 cm) 

4. If there are 27 X 10*'* molecules in 1 cm’ under normal conditions, how many 


would there he along one e<lge of a l-cm cube, assuming they arc at rest and uniformly 
spaced? How far ajiart would their centers be? 

5. If the diameter of an oxygen molecule is 3.3 X 10"’ cm, how does the diameter com¬ 
pare with the distance between the molecules as computed in Problem 4'.^ If this molecule 
were magnified until it were as large as a tennis ball, roughly 0,0 cm, how many centi¬ 
meters away would the next molecule be, a.'^suming the spaces were magnified in the 
same ratio? LAiis. One-tenth; GO cm) 


6. Compare the rate of diffu.^ion of carbon dioxide with that of helium if their respec¬ 
tive densities are 1.977 and 0.177 gm liter. 

7. lind the molecular sjieed of argon molecules under standard conditions assuming 
a density of 0.00178 gm cm’. (.4a.s'. 412 m sec) 

8. If the velocity of an oxygen molecule is 461 m sec and the mean distance traversed 
between impaets is 1.0 X 10“^ cm, how many collisions docs an oxygen molecule make 
per second? 
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9. If the mass of an oxygen molecule is 53.0 X lO'-^ gm, calculate the average kinetic 

energy of a single oxygen molecule, assuming the velocity given in Problem S {Ans 
5.63 X 10"’^ ergs) 

10. If the density of air untler standard coiKlitions (that is, 76 cm of mercury pres¬ 
sure and O^C temperature) is 0.001293 gm/cm^ what would be the weight of 500 cm^ 
on a day when the pressure Ls only 72 cm and the temperature is 0“C? 

11. On a day when the atmospheric pressure was 14 Ib/in-. a tire was pumped to 
a gauge pressure of 36 Ib/iir. To what volume would this air expand if released on a 
day when the atmospheric pressure is 15 ll)/in-. if the volume of the tire is 2 ft' 
assuming the same temperature? (.4«s. 6.67 ftO 

12. Among the rare gases found in the atmosphere are neon (0.900 gm/1, 20.18), 
argon (1.784 gm/1, 39.9), krypton (3.71 gm/I, 83.7) and xenon (5.851 gm/l’ 131.3)! 
They have the densities and the molecular weights indicated. Calculate the RMS mo¬ 
lecular speed of neon under standard conditions using the basic relation: v = \/3 p/d. 
and then the RMS molecular speed of xenon by proportion. 

13. Compute the ratio between the rate of diffusion of neon and each of the other 
gases mentioned in Problem 12. Would the residue of air left in a tube exhausted to 
a high vacuum be relatively richer or poorer than ordinary air with respect to Xe. 
to A, to Kr, and to Xe? (Ans. 1.41; 2.03; and 2.55) 

14. If one unit of atomic mass is e(niivalcnt to 1.66 x 10'-^ gm. find the ma.<s of a 
molecule of xenon. Using this and the velocity of xenon molecules as calculated in Prob¬ 
lem 12, fiiul the kinetic energy of a xenon molecule under stamlard conditions. 

15. Gas-filled incandescent lamps owe their elliciency to the fact the gas present 
largely suiipresses the evaporation of the tungsten, thereliy making it possible to oi)crale 
the filament at higher temperatures. This advantage is jiartially offset by the loss of 
energy from the filament by ga.-^eous conduction. A.^suming this loss is proportional to 
the molecular velocity (explain), compare tlie loss for nitrogen-filled bullis with that 
of argon-filled bulbs. (Mot. wt. of nitrogen, 2S.02.) Wdiich would you expect to lie tiie 
more efhcicnt? (Ans. 1.194) 

10. Find tiie RMS velocity, in mmM‘C, of a dust particle having a mass of lO"'’ gm 
and suspended in air under normal conditions. (Suggestion: a.-^sume the results of 
Problems 12 and 14, and use the methods of proportion.) 

17. Make a diagram of a dilTu.'ioti pump and indicate, by means of a nurnlier of 
dotted lines in one color, tlie direction of mov<-menf of the miTcurv atoms, ami simi¬ 
larly, with another color, the course of the molecules being removed by the dilfusion 
pump, Kxplain. 




Temperature and Thermometry 


Thermometers are instruments designed to measure temperatures. The most 
common types depend on the expansion of liquids with rising temperatures. 
Mercury and alcohol are the liquids generally used. The form of the thermom¬ 
eter may be varied to meet special requirements. 

Perhaps no instrument is used l)y the physician as frequently as his clinical 
thermometer. He kcei)s it as accessible as his fountain pen. ?Ie docs not trust his 
judgment as to whether his patient has an abnormal temperature, not even as 
to the temperature of the room. Tlie temperature-sensitive areas of our skin are 


quite unreliable. Their action depends upon their immediately previous experi¬ 
ence, and, in any case, our jiulgment of temperature may be warr)ed by our' 
physical condition. (In schools or in hospitals there are always differences in 
opinions as to the proper temperature.) The outdoor temperatures recorded or 
predicted are the items of chief interest in the reports of the weatlier bureau. 
The regulation of temperatures in our homes is now receiving more attention 
than ever before, and tlie matters of optimum temperatures for domestic 
refrigeration, for cold storage, and the like, are receiving con.dderablc attention 
at the present time. Both home and industrial baking, foo<l f)rocessing, candy¬ 
making, and so on, are dependent on the thermometer to an increasing extent. 
Temperature controls are of vital importance in many major industries. 

16.1. Temperature Scales. Temperature has to do with tlie heat intensity, or 
the “hotness,” of a body and depends primarily on the kinetic energy of mole¬ 
cules. It has been described also as that thermal condition which determines the 
direction of the flow of heat, which is always from the body of higher tempera¬ 
ture to one at a lower temperature regardless of the energy content of either of 
the bodies concerned. It cannot be measured by any unit discussed in mechanics. 


It is not surprising, therefore, that so many different temperature scales have 
been proposed, and that so many are still in use. Only two of these will be dis¬ 
cussed. the centigrade and the Fahrenheit. The former was proposed by Celsius 
in Sweden, about 1741. and the latter by Fahrenheit of Germany, about 1714. 
Tliey both use the boiling and the freezing points of pure water'as calibration 
points. The centigratle scale provided 100 divisions between these two tempera¬ 
ture levels, which are taken as 100“C and O'^C. respectively, assuming the 
standard pressure of 76 cm of mercury. In contrast, the Fahrenheit scale has as 
its zero level tiie freezing temperature of a saturated water solution of salt, 
erroneously supposed at the time to be the lowest possible temperature. The 
freezing point of water is taken as 32°F and the i)oiling point 2I2^F, each a 
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rather awkward number. From these fixed values it follows that a range of 
temperature of 100'’ on the centigrade scale is equivalent to 180° on the 
Fahrenheit scale, as may readily be seen in Fig. 16-1. If C represents some 
intermediate level on the centigrade scale and F the same level on the Fahren¬ 
heit scale, then the C degrees on the former scale are the same fraction of the 
whole 0 to 100 range as F — 32 is of the 32 to 212, 
or 180°-range on the latter scale. Thus: 


FQ SC 
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98.6“ 

32" 

0 " 


100 ' 
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-373’ 

- C+273' 

■ 310" 

■ 273" 



-459.4--273“J0"K 

Fkj, 10-1. Comparisons of 
the Fahrenheit, eentijinule. 
and tlic al)solutc scales of 
tcmi)erature 


C/100 = (F - 32)/180 or C/5 (F - 32)/9 

This simple relation may be used as a transforma¬ 
tion formula for clianging any temperature on either 
scale to the equivalent temperature on the other 
scale. Keference was made in the last ciiapter to 
the absolute, or Kelvin, scale. This, however, dif¬ 
fers from the centigrade only in the choice of zero 
which is taken as —273°C, ai)proximately (actually 
— 273.1°Cl. Tims, one may convert any centigrade 
temperature to the etjuivalent temperature on the 
Kelvin scale simply by adding 273 to it. For ex¬ 
amples, the normal body temj)erature of man. 37°C, 
is 310°K, and the temperature —23°C is tlie equiva- 
k-nt of 2oO°K. 

16.2. The Clinical Thermometer. It is a great 
convenience in taking the temperature of the body 
to b(‘ able to obtain the result (piickly. In the clini¬ 
cal thca’inometer the l)ulb has a thin wall and the 
form of a slender cylinder, so that no part of tlie enclosed mercury is far from 
the sui face of the bulb. Tliose especially tlun and sUaaler are likely to be labeled 
“Half-Minute,” while the more common one suggests ‘‘1 Min.,’’ l)ut in each case 
more reliable results will he obtained if three times as much time is allowed for 
the mercury to attain throughout its bull) the temperature of the surrounding 
tissues, .hist above the bulb the* l)ore of the stem is first enlarged and then flat¬ 
tened until only a very thin passage remains. Through this the mercury is forced 
when the bidb is warmed. I>ut tlu* foice of gravity alone is insuflicient to force 
the mercury back through the constriction as the bulb cools, d'he thermometer is 
thuss(‘en to be a “maximum" thermometer, whicli makes it umu'cessaiv to rea<l 
the thermometer while it is still in the mouth of the patient or with haste after it 
is removed. To return the mercury after the reading has been made one >impiv 
uses either C{‘ntrifugal force, or rather sharp jars. Kvery new thermometer 
shoidd be tested to see whether there is anv return of iiHUTurv without this as- 
sistaiice since, if tlie bore is not .'‘Ufriciently constricted, the thermometer may 
be a “letreatei ’ an<! >hoiil(l be discarded, 

In Older to secure very great sensitivity, stems with very fine bores an* 
employed so that tlu* degree marks are sufficiently far apart to permit h'gible 
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fifth-degree subdivisions and reliable estimates of tenths of a degree. This is 
made possible by limiting the range from say 95 to 110°F (see Fig. 16-2). A 
physician would hardly be concerned with body temperatures outside this 
range, and to give a thermometer a common range of from -30 to 220°F 
would require a stem of about 3 ft in length to provide the same sensitivity. 

Two other features make for easier reading: a strip 
of white glass is incorporated in the stem just be¬ 
hind the bore to give sharp contrast to the mercury 
thread and the front portion of the stem is given a 
lens shape, as shown in Fig. 16-2(b). 

16.3. Other Types and Special Thermometers. 
The meteorologists employ special thermometers to 
read the maximum temperatures, others to give the 
minimum temperatures, which are reached during 
the intervals between temperature observations. The 
maximum thermometer may be made on the prin¬ 
ciple of the clinical thermometer described in the 
previous section, but a more commonly used type is 
provided with a small marker enclosed in the tube 
above the mercury surface. This is pushed ahead of 
the mercury column as the temperature rises but 
does not follow it as it retreats with falling tempera¬ 
ture, as the tliermometcr is mounted horizontally. 
The position of this marker then gives the maximum 
temperature reached, and it can be returned ready for another run simply by 
la'inging tlie Uiermomcter to a vertical jiosition so that the force of gravity can 
i)e utilized. Tlie minimum thermometer is similar except that alcoliol is em¬ 
ployed in place of mercury, and the marker is held underneath the surface by 
capillary forces. The marker, therefore, follows the surface down, but docs not 

return until tlie observer inverts the thermometer in order to utilize the force 
of gravity. 

I'or special purposes thermometers are given appropriate ranges and forms: 
the roast tliermometcr, candy tliermometcr, oven thermometer, and the dairy 
thermometer are among those more widely known. A bulb in the form of a 
flat spiral tube has been used in measuring skin temperatures, which are im- 
liortant in certain vascular diseases. The lower limit for a particular thermo- 
metric huid IS fixed by its freezing point and its upper limit by its boiling point, 

01 pel haps the softening point of the glass. For very high temperatures a por- 
cclain bulb with a gas filling may be employed. 

lioperties of matter other than their change in volume with temperature 
may be used for the measurement of temperatures. It is found that the electri¬ 
cal 1 distance of a platinum coil, for example, changes in a very regular manner 
with change in temfierature. Such coils may he emploved in positions in which 
bulb thermometers could hardly be used, and their readings may be made on 
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instruments well removed from the coils. For example, in one investigation re¬ 
sistance thermometers were plaeed at 1-ft intervals from the surface of the 
ground to a depth of 8 ft, each being connected to a multiple automatic switch 
indoors some distance away. An automatic recording instrument gave a con¬ 
tinuous record of the corresponding temperatures for a period of over a year, an 
accomplishment impossible with bulb thermometers. Coils may be mounted in 

ovens, furnaces, or wherever automatic temperature regulations or recordings 
are needed. 

Another scheme depends upon the differences between the thermoelectric 
properties of different metals. For example, if an iron-copper thermocouple, as 
shown in Fig. 16-3, has one of its junctions heated 
hile the other is held at a constant temperature 
with the arrangement shown, a current will flow and 
the magnitude of this current will vary with the dif¬ 
ference between the temperatures of the two junc¬ 
tions. To illustrate its uses, mention may be made 
of an experiment to study the changes of tempera¬ 
ture of the skin at various i)oints over the surface 
of the body resulting from the ingestion of food, of 
alcohol, or variations in room temperature. In an¬ 
other case thermocouples in the form of bimetallic 
needles were ])lanted at various deptlis in a leg being 

subjected to high fref|uency electrical potentials to study the temperature ef¬ 
fects. Such experiments could hardly be carried out by thermometers of other 
types. Ihis method, also, lends itself to automatic reeortling where such is de¬ 
sired. It is very widely used in industrial processes. (See also Fig. 4.5-9) 

A newly developed method of measuring temi)eraturc changes makes use of 
a semiconductor of electricity wliich has been given the trade name 'Ther¬ 
mistor.” Its resistance falls very rapidly with increasing temperature. A typical 
(‘xample is one whicli has a negative temperature coefficient of 4.1 per cent per 
centigrade degree and in its range of operation will fall to half its initial re¬ 
sistance for a rise in temperature of only ISTh This makes possible an even 
greater precision in the measurement of temperature changes tiian is obtainable 
through the use of tiiermocouples. It is particularly suitable for measuring the 
variations in the temperature of the skin. 

Another common method depends upon the differential linear expansion of 
different solids. For example, a compound bar made of two strifi.s, one of brass 
and the other of iron or of invar steel, will ciiange its curvature with a cliarmc in 
temtierature due to the greater expansibility of the brass. The moviMmait of tlu‘ 
tip ot such a bar can be made to deflect a pointer ov<‘r a scale calibrated to ei\'(; 
tempcu'atures directly. Such thermometers are i)articularly rugged, hut hardly 
as suitable for precision work as are other types (see Fig. H>-5la)). 

16.4. Pyrometry. For measuring the temperatures of glowing hot i)odie<, two 
other instruments are available: the oi>tical and the radiation pyrometers. The 


Fic. 10-.5. Monsurement of 
teinperuturos by ineaii.< of 
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optical pyrometer takes advantage of the change in color that accompanies a 
change in temperature of a glowing body. The working principle of the 
optical pyrometer may be understood readily from Fig. 16-4 in which are shown 
the essentials of the instrument. After directing the instrument toward the 
surface or the cavity whose temperature is to be measured, the current through 

the small lamp which is mounted at the focus of the 
eyepiece is varied until the filament of the lamp, F, 
disappears against the image of the glowing body. 
The current required gives a measure of the tem¬ 
perature of the body but, for convenience, the scale 
may be marked in degrees rather than in amperes. 
The calibration, wdiich needs to be checked occa¬ 
sionally, is carried out by matching its filament 
against that of a standard lamp heated to various 
known temperatures, or against a series of bodies at 
known temperatures, for example, solidifying plati¬ 
num. Among its advantages is the fact that no con¬ 
tact with the glowing body is required, one merely “looks” at it. For example, 
one may look through a hole into a glass furnace from some distance and read 
the temperature directly. A red filter is placed between the lamp and the eye- 
lens to improve the accuracy of matching, but even with this the accuracy of the 
readings depends on the emission characteristics of the glowing bodies. 

The radiation pyrometer resembles the optical pyrometer in form and in 
type of use, but depends for its opera¬ 
tion on the concentration on a thermo¬ 
couple of the radiation from the glow¬ 
ing body. It utilizes the invisible heat 
radiations as well as the visible com¬ 
ponent of the radiation. Like the opti¬ 
cal }>yrometcr it can be used without 
direct contact with the hot body. 

16.5. Thermostats and Their Uses. 

In many homes, as well as in public 
buildings, there are instruments in¬ 
stalled, called thermostats, for holding 
the temperature constant. They arc 
used widely also in industrial plants 
and in scientific laboratories, in fact 
wherever it is important that a defi¬ 
nite temperature be maintained automatically. One of the simplest types makes 
use of a bimetallic bar or coil similar in form to those employed in the construc¬ 
tion of metallic thermometers. However, in place of a pointer the free end of the 
bar is provided with electrical contacts which engage fixed contacts, one on 
either side, as shown in Fig. 16-5(a). When the bar has cooled to the limit set it 






Heater 

circuits 


(b) 

Fig. 16-5. (a) Bimetallic thermostat for 
controlling heaters or coolers, (b) Bulb- 
type thermostat for controlling a heater 

(or a cooler) 



Fig. 16-4. Schematic repre¬ 
sentation of an optical py¬ 
rometer 
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makes contact on the left side and actuates a relay which causes heating equip¬ 
ment to function. hen the temperature has reached the upper limit the contact 
is made on the other side and the heater is turned off. In the case of thermostats 
controlling refrigerators, the equipment controlled would be the cooling 
mechanism. 

In Fig. 16-5(b) is shown another type of thermostat in which one employs 
a bulb of mercury. As the mercury expands it forces its upper surface, rising in 
a capillary, to close a relay circuit and thereby break the heater circuit in the 
manner suggested by the diagram. Since the volume of the bulb and the diameter 
of the capillary may be chosen within practical limits at will it follows that the 
sensitivity of the thermostat may be made the optimum for the purj)ose at 
hand. By substituting for the heater circuit a refrigerator circuit connected 
to the B contact of the relay it is possible to maintain the temperature under 
control at a level below that of the surroundings. 

Among otlier types of tliennostats may be mentioned bi-metallic cups or 
capsules which “snap” on or off at certain temperature limits, and metal l)ulbs 
filled witii liqui<ls liaving Iioiling points at tlie temperature levels to be main¬ 
tained, respectively. In the latter ty[)e the large change in volume accompanying 
a change of state is of advantage in the operation of control mechanisms. 


Problems 

1. The body temiieraturcs of sheep, cattle, horses, hedeehogs, and ducks are respec- 

tivelv 40.0, 37.8, 35.5, and 43.6°C. What would these readings he on the Fahren¬ 

heit icale? (/Ins. 104“F: ]03.rF; lOO.FF; !15.9'*F: 110.5"F) 

2. A typical daily variation in the body temperature of a normal jierson would be 
from 30.5® at 4 am to 37.4®C at 4 pm. To how many degrees of variation on the 
Fahrenheit scale would this be equivalent? Calculate this without converting the read¬ 
ings into equivalent Fahrenheit reading.^. 

3. Rcgardle,<s of latitude it is found that the temperature of deep-.‘iea water is in 
the neighborhood of 30°F. What would this be on the centigrade scale? (.In^. 3.89®C) 

4. 'riie buihling code in a certain city re(juir<*s that wire insulated with rubber shall 
not 1)0 subjected to temj)eratures above 120®F, atid that wire insulated with varnished 
cloth shall not be subjected to temperatures above 170®F. What arc the.se temiierature.'^ 
on the centigrade scale? 

5. Find the Fahrenheit e(|uivalent of the absolute zero. (Ans. —459.4®F) 

0. The melting points of copper, iron, and tungsten are, res|)ectivelv, 1083®, 1530®, 
and 3400®C.’. I'iml their values on the Kelvin and also on the Fahrenheit scales. 

7. A certain thermometer h.is a c\lindrical bulb of radius r and a length of 1/. 
Find the radius of a spherical l)ulb having the same volume. Which would r(‘>j)ond the 
more (jiiickly to temperature changes? (.la.v. l.ll'Jr) 

8. hist, the various methods de.'^cribed in this chapter that could be used in loea.— 
iiring the temperature of the skin. 

9. d he common clinical thermometer is likely to give a range of from 95® to 110 F 
What wouhl be the corresponding range on the centigrade sc;il<‘, aNo on the Kelvin 
scale? (.4/n>-. 30S® to ;iHk3®K) 

10. A certain '‘1 .Min” clinical thermometer has a bulb 2 mm in diameter and Id mm 
long, and the degree marks are 3 mm apart on the stem. If the fraction by which the 
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volume of a mass of mercury increases for a rise of one Fahrenheit degree is 0.000101, 
find the diameter of the bore in the stem, assuming it to be cylindrical. 

11. A tliread of the diameter which the solution of Problem 10 gives could scarcely 
be seen by the unaideil eye. Briefly describe two or three methods used to overcome 
this dithculty. 


n 


Thermal Expansions 

Nearly all substances expand with rising temperatures and contract with 
falling temperatures. This is what one would expect on the basis of the kinetic 
theory, particularly for gases, since an increase in the temperature simply means 
an increase in molecular speeds. This in turn means greater collision forces and, 
since these oppose the external pressure which tends to draw molecules together, 
the molecules find their positions of balance at greater distances apart. In short, 
the body expands with increasing temperatures. The very few cases of liquids 
and solids which contract with rising temperatures in certain ranges of tempera¬ 
ture must be explained by assuming changes in the molecules or in their arrange¬ 
ments. 

17.1. Linear Expansion of Solids. The expansion of roadways, walks, 
bridges, and of structures in general, the sagging of telephone lines and other 
wires on warm days, the seizing of over-heated bearings are among the more 
commonly observed cases of the thermal expansion of solids. The daily varia¬ 
tions in temperatures, especially in mountainous regions, have much to do with 
the disintegration and down-slope movement of rock materials. Enormous 
forces may be brought into play if free expansion with temperature is pre¬ 
vented, for example, by the design of a structure. For instance, if a steel beam 
would normally expand an eighth of an inch for a certain rise in temperature, 
the force required to restrain it from expanding would equal that which would 
be required to compress the bar by the same amount—a very large force. 

The fractional part of its length by which a solid expands when its tempera¬ 
ture is raised by one degree is called the coefficient of linear expansion. It is 
commonly represented by the Greek letter alpha (a). A body whose length at 
0°C is Ly will have a length at t°C of L^, given by the relation: 

— ^0 T “^0^ — T “0 (17-1) 

Since a is a ratio between two lengths, it is independent of the particular units 
used to express these lengtlis as long as the same unit is used for the two lengths. 
It makes no difference whether the units are meters, centimeters, yards, feet, or 
inches. Thus a steel ia =0.000011) rule 30 cm long at 0°C will have a lengtii 
at 20“C of 

7.20 = 30(1 + 0.000011 X 20) = 30(1.00022) = SO.OOOG cm 

A steel beam 30 ft long at 0®C would be 30.0066 ft long at 20*^0. The coefficient 
based on the Fahrenheit degree is only 5/9ths as large as that based on the 
centigrade system. (Explain.) 
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Table 17-1 lists the values of the linear coefficients, haserl on the centigrade 
scale, for a number of materials. 

Table 17-1. Coefficients of Linear Exp.vnsion 


Material 

Coefficient 

-Muminum . 

23 X 10 « 

Brass. 

19 X 10^*^ 

Concrete. 

10 to 14 X 10-® . 

Copper. 

H) X 10-« 

Glass, lead. 

9.2 X 10-^ 

sodium. 

7 X 10-^ 

pyrex. 

3.2 X 10 ® 

Ice. 

51 X 10-6 

Invar. 

0.7 X 10-6 


Material 

Coefficient 

Iron . 

12 X 10-6 

Oak II to grain. 

0.5 X 10-6 

_L to grain. 

5.05 X 10-6 

Platinum. 

9 X 10-6 

Porcelain. 

4 X 10-6 

Quartz. 

0.0 X 10“6 

Steel. 

11 X 10-6 

Tungsten . 

4.4 X 10-6 

Zinc. 

26 X 10-6 





Invar 


17.2. Applications. The construction of metallic thermometers and tliermo- 
stats is discussed in the previous chajiter. From Table 17-1 it is seen that the 
linear coefficient for l)rass is 19/11 or 1.73 times that of steel. Hence, when a 
straight compound bar, such as tliat shown in Fig. ir>-5(a), is heated, it will 

become curved with the brass on the convex side. The 
rim of a balance wheel, in the case of certain watches, 
is made ot two metals as shown in Fig. 17-1 (a) and 
carries a numl)er of adjustable screws. A rise in the 
temperature causes the hair spring to weaken and this 
alone has a tendency to lengthen the periotl of the 
rTin *^**‘'' compound rim shown in (a) at u|)pcr 

I 111 I right compensates by curving inwardly, which alone 

would have the eftect of reducing the moment of inertia 
of the wheel and, therelore, the period. When these two 
effects are jiroperly balanced a change in temperature 
has no etlcct on the period. In another type no sj)ecial 
rim is employed, but the e.\|)ansion of the wheel is com¬ 
pensated by the use ol a spring material which in¬ 
creases in stiffness with rising tem])eratures. 

Pendulum bobs are, in many cases, suspenrled at 
their lower edge by rods made of mattaial having a 
small coi'fficient ot linear expansion. If the bob is of 
material having a large coefficient of expansion and is of suitable dimensions, 
the center of gravity remains at a constant distance from the point of suspension 
in spite of changing temperatures, since any change in the length of the rod is 
neutralizeil by the counter-movement of the center of gravity of the bob 
with nwpect to its lower edge. Such a compensated pendulum is shown in 
I'uz. 17-1 lb;. 


(b) 

Fk; 17-1. Practical ap- 

jihcations of the ex])nn- 
.'lon of a metal, (a) bal¬ 
ance wheel of a watch, 
fb) compound pendu¬ 
lum. (c) dumet wire for 
sealm" in glass 
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Platinum and soft glass have substantially the same coefficient of linear 
expansion; hence platinum wires may be sealed, vacuum tight, through the walls 
of glass bulbs. Similarly, tungsten wires may be sealed through glasses of the 
pyrex type. Recently special alloys and compound wires, such as shown in 
Fig. 17-1 (c), have been developed which have coefficients matching those of 
the commercial glasses used in making lamps and radio tubes. One difficulty is 
to find a metal-glass combination which has matching coefficients throughout 
the wide temperature ranges involved in the factory production of the articles 
employing them, for it must be understood that the value of the coefficient for 
any material may depend upon the temperature range concerned. The co¬ 
efficients given in the table apply in the temperature ranges of interest in labora¬ 
tory work. Manufacturers of lamps and radio tubes have made enormous 
savings through the employment of physicists to check the coefficients of the 
expansion of the various glass bulbs and tubes coming into the factories. This 
policy makes it possible to avoid sealing together two glasses having very dis¬ 
similar coefficients—a practice that formerly led to a large loss from breakage. 
17.3. Thermal Expansion of Surfaces and of Volumes. Surfaces are two- 
dimensional and their lengths and widths both increase with rising temperatures. 
A square having an edge of and an area of at 0®C will have an area of 
at t°C. The relation between L^^ and L^^ may be derived by squaring the 
members of equation (17-1) 

L,2 = L^m -b at)^ = V(1 + 2a^ -b aH^) =V(1 + 2at) (17-2) 

approximately, since a- is a very small fraction. For example, in the case of steel 
it is 0.00000000021, a negligible value. Thus it is seen that the coefficient of 
area expansion is twice that of linear expansion. In a similar manner the 
student should show tliat: 

Lf^ =Lq^(1 + 3a0 approximately (17-3) 

The coefficient of volume expansion, therefore, is seen to be three times the 
coefficient of linear expansion. Hence any table giving the latter will serve also 
for tlie coefficients of area and of volume expansion. 

For liquids the coefficient of volume expansion must be obtained by another 
approach. Using ^ as the coefficient of volume expansion it is obvious tliat: 

Vt = V^{l-\-f3t) (17-4) 

Since densities vary inversely as the volumes occupied by a certain mass of 
liquid it follows that: 

(7( = Jo ^ 

This relation is more frequently employed than equation (17-4) since densi¬ 
ties are more conveniently determined directly than are volumes. Many of the 
methods of determining the value of /3 involve a slight uncertainty due to the 
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expansion of the vessel used to enclose tlie liquid, hut the method of balanced 
columns eliminates any unceidainty of this nature since the pressure due to a 
column of liquid is indei)endent of the size of the tube. Tlie general scheme is 
illustrated in Fig. 17-21 a). It is seen that tlie pressure of the liquid at the 

base of the column at the higher temperature is bal¬ 
anced by that due to the other column, from which it 
follows: 


r 


h, 




u 


Steam 

y 


Iced 

water 


k. 


',1 



K 


V = - /qd, or 

By substitution in equation (17-5) it follows that 


/i, = ;t^(l + /JO 


(17-6) 


Experimentally it is important that each column be 
kept at a uniform temperature throughout and that /i, 
and be obtained with precision. 

A more convenient, but indirect method, involves the 
use of a dilatometer, a thermometer-like bulb shown in 
Fig. 17-211)1. The apparent expansion which may be 
read directly from the graduate<l stem, together with 
the known volume of the bulb, leads at once to the ap¬ 
parent coefTicient of volume expansion of the licpiid. 
The true co('fli<'icnt is oi)viou>ly tlu' apparent value 
plus tlie co(‘fricient of volume exiiansion of the bulb itself since, in expanding, the 
li(iuid must fill the increased volume of the bulb as well as tlu' volume repre- 
>ented by the observed rise in the st{'m. The values of p for a few litiuids fre- 
(imaitly u.sed in laboratories are given in the following table. It will be observed 
that they are many times larger than the volume coefficients of expansion (that 
is. 3a I for solids. 


(a) (b) 

Fio, 17-2. Methods of 
nicnsurinti the thermal 
expansion of a licjuid, 
(a) by balanced col¬ 
umns, fb) by iisiim a 
bulb with calibrated 
stem 


d’AHI.K 17-2. COKFFIC IKN'TS OF Voi.CMK Fxi>.\.\SlON 


Material 

( ’oefficient 

Alcohol fethvl) ... 

1220 X lO-'-- 

Ether (ethyl) 

1030 X 10 

(’flvcerine 

V 

rm X u) ^ 

Mercury 

% 

IM.7 X 10 ^ 

Petroleum 

9!)2 X U) ^ 


The diO'erential expansion of lifiuids and their containers does not enter into 
the accuracy of thermometers generally since they are calibrated directly. 
However, the contraction of mot glasses has a certain lag behind that of 
the liquid >o that readings ol low teiniauatures l>y a thermometer should not be 
tak(‘n too soon after a thermometer ha< been u>ed for high temperatures. Com- 
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paratively few liquids are suitable for use in thermometers since it is necessary 
that the value of p be constant throughout wide ranges of temperature and that 
their boiling and freezing points do not fall within the range of temperature 
for which the thermometer is to be used. 

The expansion of water is quite anomalous as it shows a remarkable behavior 
just above its freezing point. The volume actually contracts with rising tem¬ 
perature in the range from 0° to 4°C. Above 4°C it expands as do liquids 
generally. The nature of this variation in volume in the neighborhood of 4°C 
is shown in Fig. 17-3. This is an extremely important and fortunate property of 


Fig. 17-3. Variation with temperature in the volii 

of one gram of water 



0 2 4 6 8 lOX 


water since, as the surface layers of a body of water in cooling toward the 
freezing point from 4°C expand, they become less dense and remain on top. 
Here freezing will take place if sufficient heat is removed. Any ice forming 
on the surface shields the low^er layers of water, retarding their cooling and 
thereby protecting aquatic organisms and preserving water for use by man 
and animals during the winter season. Except for this many lakes and ponds 
in the colder climates would freeze solid during the winter season. 

17.4. Thermal Expansion of Gases. The coefficient of volume expansion of 
gases is very large compared to that of liquids or solids and has the same value 
for all gases; namely, 1/273. This can be verified easily by taking a long 
capillary tube, scaled at one end and closed near the other by a drop of mercury. 
If initially at 0®C and if uniformly heated, it is found that the mercury drop 
moves along the tube by an amount which is found to increase the air-space 
inside the tube by l/273rd its value at 0°C for each degree rise in temperature. 
Hence, at the temperature the volume, V^, is given by the relation: 


Fo(l + 


h \ /273 4- U\ 

273/ 273 ) 


Vo7\ 

273 


(17-7) 


where is the Kelvin temperature. For some other temperature, or T.,°K, 
the corresponding volume would be: 


from which, by division, 


T'.. = roT../273 

V'l/F. = T,/f, 


(17-8) 


Thus it is seen that the volume of a gas varies directly as its absolute tempera¬ 
ture, assuming a constant pressure. This is known as the law of diaries. 

In the operation just described the mass and the pressure on the gas remained 
constant. From Boyle’s law it is seen that an increase in pressure by the same 
ratio would reduce V^o to V',, hence if tlie volume were kept constant the pres- 
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sure would have to increase, likewise, in proportion to the absolute tempera¬ 
ture. This conclusion can be established easily in the laboratory using a form 
of a gas thermometer, such as is shown in Fig. 17-4. The bulb C contains a gas 
at about atmospheric pressure. As it is warmed the mercury in A rises, but its 

surface in B can be kept at the mark, m, by adjusting 
the position of A. The total pressure on the confined 
gas is given by the sum of the difference of levels, h, 
and the barometer height at the time h is observed. It 
is found that the pressure increases by l/273rd of its 
value at 0°C for each centigrade degree rise in its tem¬ 
perature. Hence, it can he shown in the manner used 
above in dealing with volume expansions, that: 

P,/P, = T,/T, (17-9) 

In making any experimental tests of this sort it is im¬ 
portant that C be free from vapors as they do not 
obev Bovle’s law. 

V V 

Since either P or V may be varied and the other kept 
constant it follows, if for example \\ = Vn, that: 



Fin, 17-4. Api)aratu.s for 
iijoasunng the coonicient 
of increase in pressure 
of an enclosed mass of 


(17-10) 


P,/P, = P.V./PoVo = T,/T, 

In each of the cases above the mass of the gas re¬ 
mained unchanged. l)ut it should be obvious that for a 
given volume and temperature the pressure is likewise 
I)roportional to the mass of gas present; and the formula may be extended as 
indicated to include masses. 


gas 


or. bv rearrangement 


P,\\/MJ, = PA\/MJ~ 


(17-11) 


If V, is the volume of a gram molecular mass of gas at a pressure fP,) of 76 cm 
of mercury and at a temperatuiv i 7', i of 273H\ tO°C), its value is con¬ 
stant. Therefore, if only P.,, F.,, and T., be allowed to vary, the subscripts of 
the latter may be dropped and the eciuation written: 


PV = RT 


(17-12) 


where R is the well-known “gas constant.” This is the form of the equation 
eommonlv used in ehemistrv. 


PnOBLEMS 

1. In the Xorthwcstorn Statc' and in Canada an annual temperature range of from 
— to -f40^( is not vinu.-ual. Bv how many inches would the length of a steel bridge 
100(1 ft long (diange for thi' range in temperature'.^ (.-Ins. 10.5G in.j 
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2. A brass ring 4 in. in diameter is to be slipped onto a cylinder 4.002 in. in diameter, 
all measurements at 20®C. To what temperature must the ring, alone, be heated to 
make it possible to slip it over the end of the cylinder? 

3. What is the volume of an aluminum tea kettle at 100®C if at 22° it has a volume 
of 800 in.®? {Ans. 804.3 in.®) 

4. At a temperature t°C an aluminum rod was cut to agree exactly with a steel rod, 
at the same temperature, 1 m long. But at 25°C it was found that the aluminum rod 
was longer by 0.006 cm. Find t. 

5. How much gap should be left between the ends of steel rails 40 ft long when 
put down at a temperature of 30°F if the summer temperature may go as high as 
120°F? {Ans. 0.264 in.) 

6. A pendulum of the sort shown in Fig. 17--l(b) is constructed of a porcelain rod 
and a cylindrical zinc bob. How long must the rod and also the bob be if the center 
of gravity of the bob is to remain at 50 cm below the point of support? 

7. A cake of ice was cut 2 ft by 4 ft at 0°C. What will be its area at —25°C? 
If its original thickness was 9 in. what was its volume at the lower temperature? 
{Ans. 7.9796 ft®; 5.977 ft®) 

8. A student poured 200 cm® of ethyl alcohol at 0°C into a beaker and heated it 
until its temperature was 40°C. If its volume w’as then 209.8 cm®, what is the coeffi¬ 
cient of volume expansion for this range? 

9. In testing a furnace it was observed that the air entered at 59°F and left at 
140®F. By what percentage was its volume increased as it passed through the furnace, 
assuming the pressure remained constant? {Ans. 15.6 per cent) 

10. A flask was closed outdoors when it and the air had a temperature of —23°C 
and the pressure was 72 cm of mercury. On a later day it was opened indoors when 
the temperature was 27°C and the atmosphere pressure 74 cm. If the volume of the 
flask was 500 cm®, to what volume did the air expand? 

11. A certain living room is 8 X 5 X 3 m. What is the mass of the air it contains on 
a day when the pressure is 72 cm and the temperature is 20°C if a liter of air at 
0°C and 76 cm pressure weighs 1.293 gm? Express the result in kilograms and also in 
pounds. (1 kg = 2.205 lb) (Ans. 137 kg; 302 lb) 

12. A certain tire has a volume of 1800 in®. If it is filled with air at 20°C on a day 
when the atmospheric pressure is 14 Ib/in®., what volume of air at atmospheric pres¬ 
sure is required to fill it to a gauge pressure of 35 Ib/in®. if, in the process, the tem¬ 
perature rises to 27°C? (Note: gauges generally read only pressures above atmospheric, 
hence read 0 for a pressure of 14 Ib/in®.) 




Quantitative Aspects of Heat 


A red-hot needle placed in the hand would do far less damage than a cup 
of boiling water jioured into the palm, yet the needle is at a much higher tem- 
l>erature than the water. Obviously, the water must transfer a greater quantity 
of heat to the hand tiian the needle. It is found that the quantity of heat in 
a body depends on the mass of tlie body quite as much as on its temperature. 
It depends also on the nature of the material. A certain mass of water at, say, 
100°C wovdd give off to its surroundings more than thirty times as much heat 
as an equal mass of lead at the same temperature. To deal quantitatively with 
such matters one must have a unit with which to measure the amount of heat 
in any transfer since the specification of the temperature alone is insufficient. 

18.1. Units of Heat. 1 he unit of lu'at in the metric system is that quantity of 
heat required to raise the temperature of one gram of water through one centi¬ 
grade degree and i)ears the name calorie. As this varies sliglitly with the tem¬ 
perature, one should really specify a cliangc from lo'^ to IG^C, as the value of 
the caloiie for this temt'erature range is appro.ximately the same as its average 
value over the range from 0*^ to lOO^C. As tliis unit is rather small for use in 
many important cases, the kilocalorie (equal to 1000 calories). sometimes called 
the large calorie, is widely used. Unfortunately, not all writers are careful to 
specify which of the units is meant. In medical literature and in articles on diets 
the word “calorie’' is likely to refer to the kilocalorie. 

The unit most widely used in Knglish-speaking countries, other than in sci¬ 
entific Circles, is the British thermal unit (Btu). It is defined as that quantity 
of heat recpiired to raise tlie temperature of one pound of water through one 
Fahrenheit degree. Since 1 11) = 4o3.fi gm, and one Fahrenheit degree Ts only 
o Oths of one centigrade degree, it follows that 

1 Btu ~ 453.fi X 5 9 = 252 calories 

It may be eb.^erved that 4 Btu ^ 1008 cal, or, approximately 1 kilocal (kcal). 

1 his fact accounts tor the definition olten. but imin-ojierly, given by which the 

kdocalorie is defined as the heat retjuired to raise one pound of water through 
four Fahrenheit degrees. 

18.2. Specific Heats of Solids and of Liquids. The nunihei' of ealoiies rc- 
(luired to rai,<o the temperature of any body one degree centigrade is called 
the heat capacity of the body. The ratio of the heat capacity of a l.o.lv of any 
.‘substance to that of an equal mass of ryater is called the specific heat of that 
substance. From the definition of the calorie it follotys that the specific heat 

140 



CALORIMETRY 


141 


of a substance is numerically the same as its heat capacity per gram, as the heat 
capacity of water is 1. The wide variation in the specific heats may be observed 
in Table 18-1 in which are listed the specific heats of a number of common 
substances. A few of these values at different temperature levels are included 
to illustrate the great dependence of the specific heat on the temperature of the 
substance. 


Table 18-1. Specific Heats of Various Substances 



It will be observed that in general the larger tlie atomic weiglit the smaller 
the specific heat; in fact, the product of these two magnitudes is approximately 
a constant. Tliis rule is known as the Dulong and Petit (1819) law. The value 
of this constant is about 6.3 for ordinary temperature ranges. Since gram atomic 
weights contain the same number of atoms it follows that most atoms have 
the same heat requirements per degree rise in temperature. It has been a most 
useful law even though it does not hold for all substances nor for all tempera¬ 
ture ranges. 

18.3. Calorimetry. Heat was long considered an imponderable fluid, caloric, 
which coulfl flow into, or out from, a body. The rise or the fall in temperature, 
a.s the case might be, would depend on the amount of the fluid transferred and 
the heat capacity of the body. The gain in heat by one body necessarily meant 
a los.s from another body. This sugge.^ted the possibility of a bookkeeping or 
rather an accounting in the case of an exchange of iieat between two bodies. 
The fact that we no longer hold to the original caloric theory but now think 
of heat as a form of energy docs not prevent our treating heat exchanges on 
the same quantitative basis. Indeed, the method of mixtures generally em¬ 
ployed in calorimetry involves bringing about heat exchanges between bodies 
initially at difi’erent temperatures and then making calcidations on the assump¬ 
tion that the total heat lost l)y the bodies which are cooled must exactly ecjual 
the heat gained by the remaining bodies. 

As an example, in an experiment to determine the specific heat of aluminum 
a student lowered 13o gm of aluminum j)ellets, heated in a steam bath to !()()''(’, 


into a copper calorimeter weighing 150 gm and containing 200 gm of water, 
all at 15°C. If the final temperature was 25°C' and the specific heat of copper 
is 0.095, to what value of the specific heat of aluminum do these data lead? 
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Since the heat lost by the aluminum must be equal to that gained by the water 
and the copper calorimeter together, the following relation, in which s repre¬ 
sents the specific heat of aluminum, must hold: 

135 s (100 - 25) = (200 x 1 4- 150 x 0.095) (25 - 15) 

Solving: s = 0.212 

It should be obvious that any one of the quantities entering into such an equa¬ 
tion might be the unknown one in the solution of problems based on the method 
of mixtures. For example, the final temperature might be the unknown. Sup¬ 
pose that the data given in the preceding paragraph were given as a problem 
but with the specific heat given as 0.212 and the final temperature left to be 
calculated. It is obvious that the final temperature will be between 100° and 
15°C. The equation would be written as follows: 

135 X 0.212 (100 -t) = (200 x 1 + 150 x 0.095) {t - 15) 

Solving: t = 25°C 

18.4. Continuous-Flow Methods in Calorimetry. In many experiments heat 
is measured by some scheme involving a continuous flow of a heat absorbing 
fluid. For example, in an experiment to measure the flow of heat along a metal 
rod by a method illustrated in Fig. 22-1, a stream of water passes continuously 
through tlie apparatus as indicated. The temperature, at which the water 
enters, and that at which it leaves, U, together with the mass passing through 
in unit time, in, are observable. The heat absorbed and removed in unit time 
is given by the product m{t 2 — ^i). This scheme may employ liquids other than 
water, or even gases, if desired, and lends itself to experiments extending over 
considerable time, as is often required in the case of physiological studies. 

The continuous-flow method is especially suitable for use in animal calorim¬ 
etry. For example, a rabbit may be enclosed in a double-walled, insulated cham¬ 
ber so arranged that the water between the walls is kept at a constant tempera¬ 
ture by a stream of cooler water entering and leaving the chamber at a rate 
so regulated as to counterbalance exactly the heat output of the animal within 
the chamber. To determine the latter, therefore, one has merely to observe the 
temperatures of the water as it enters and as it leaves the chamber, as well as 
the quantity of water passing during the period of observation. 

In Fig. 18-1 is shown a schematic diagram of a calorimeter large enough to 
accommodate an adult human body and, therefore, to measure its production 
of heat directly. It consists essentially of a multiple-walled, well-insulated 
chamber provided with temperature controls that keep the two inner walls at 
exactly the same temperature. This provision insures that there is neither loss 
nor gain of heat by the inner chamber from conduction through the walls, and 
makes possible the direct determination of the heat production by the subject. 
Facilities are included for taking exercise as well as a chair and bed to make 
possible studies of heat production under various conditions of feeding, activity, 
and environmental temperature, over an extended period. Temperatures and 



HUMAN CALORIMETER I 43 

rates of the inflowing and outflowing air and water can be determined readily 
by the instruments provided, as well as the heat lost by evaporation and other 
causes. Positive and negative heat storage, also, are taken into consideration. 
The observations make possible the calculation of the mechanical efficiency of 
the human body as a whole or of particular sets of muscles. 

It has been observed that oxygen consumption, carbon dioxide elimination, 
and insensible perspiration all bear close relationship to heat production, as 
would be anticipated. Since it is far easier to measure, for example, oxygen 



Fin. 18-1. Schematic diasrain of a horizontal section of a human calorimeter. Note the 
walls and dead-air i^ections, as well a.s the insulated door and food aperture, E. (From 
Atwater and Benedict, Kei)rinted from I'ulton-Howeirs Physiology, courtesy of W. B. 

Saunder.*? Co.) 

consumption than heat production, indirect calorimetry is more generally em¬ 
ployed than direct calorimetry. Most of the apparatus for studying metabolism 
in clinics involves the measurement of only the oxygen consumption. When this 
procedure is used assumptions are made regarding the rate of the elimination 
of carbon dioxide and the character of the foodstuffs which the body is using. 
When more accurate data arc required the ratio of elimination of carbon diox¬ 
ide and of urea arc determined as well as the consumption of oxygen. 

High accuracy in calorimetric experiments is difficult to attain since it is not 
easy either to control or to measure heat exchanges. The conductivity of the 
apparatus itself, as well as the convection and radiation effects, affects the re¬ 
sults. Generally these factors are minimized by conducting the experiments in 
constant-temperature rooms and by arranging the temperatTire ranges of the 
apparatus so as to keep as near to the room temperature as the nature of the 
experiment permits. 

18.5. Bomb Calorimeter. Certain other types of calorimeters an* in wide use. 
'I'lie bomb calorimeter is designed to measure the heat of combustion of, say. 
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a coal or a food. A weighed sample of the material to be tested is placed in 
the crucible, which is mounted within a heavy-walled “bomb” and provided 
with an atmosphere of compressed oxygen. The bomb is enclosed wdthin the 
calorimeter proper, which is surrounded by protecting walls. The combustion 
is initiated by electrical means. For the details the student should consult a 
text in Physical Chemistry. The heat produced can be computed from the heat 
capacity of the calorimeter and contents and the observed rise in its tempera¬ 
ture. By the use of such calorimeters there has been accumulated a large amount 
of data bearing on the amounts of energy obtainable by the body from differ¬ 
ent types of food. For any particular food this amount is that determined by 
the bomb calorimeter less the heat value of the corresponding excretions. The 
energy values of a few materials of interest are included in Table 18-2. The 
values given must be considered only typical as the variation among samples 
of the same food is rather great. 


T.\ble 18-2. He.\ts of Combustion of V.\rious Subst.\nces 


Substance 

Heat of 
Combustion 

1 Substance 

Heat of 
Combustion 

Beef loin. 

2,4S0 cal/giu 

Coal, anthracite. 

8,400 cal/gm 

Beef round. 

1,8G0 

soft. 

7,000 

Mutton loin. 

3,620 

Crude petroleum. 

11,100 

Ham. 

2,660 

Pine wood. 

4,420 

Hen eggs, whole. 

1,480 

Coal gas. 

5,000 to 11,000 

Chicken, fowl. 

2,235 

Hydrogen. 

34,100 

Salmon. 

4,180 

Alcohol. 

7,100 

Sugar. 

4,000 

Acetylene. 

11,920 

Bread, white. 

2,610 

1 



It has been estimated that the fuel value of the food consumed daily by the 
average American is 3,250,000 small calories or 3250 kilocalories, although the 
variations among individuals and with the seasons are wide. 

18.6. Mechanical Equivalent of Heat. The fact that heat is produced when 
mechanical energy is lost due to friction was known long before the quantita¬ 
tive relationship l)etween the amount of energy lost and the quantity of heat 
produced was determined. But even the realization that such a relationship 
existed did mucli to overthrow the caloric theory of heat and to establish our 
present theory which considers heat as merely one form of energy. While fric¬ 
tion serves many useful purposes it is also responsible for enormous energy 

exact relation between the number of units 
of mechanical energy disappearing for each unit of heat produced was deter¬ 
mined by various observers, notably by Joule, an Englishman, over a century 
ago (1845). His apparatus consisted essentially of a calorimeter containing 
water and a combination of paddles arranged so that when the paddles were 
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turned mechanically the water was thoroughly churned. Through the conver¬ 
sion of the mechanical energy into heat energy the water was warmed. The 
heat capacity of the calorimeter and its contents multiplied by the resulting 
rise in temperature gave the number of heat units produced. The mechanical 
energy disappearing could be calculated from 
the torque used and the angle through which 
the paddles were rotated. 

The essential features of a method widely 
used by students in Physics laboratories are 
shown diagrammatically in Fig. 18-2. The 
inner of two closely fitting cones contains 
water and is prevented from rotating by a 
known mass, M. The outer cone is supported 
on an insulating disk mounted on a shaft pro¬ 
vided with a counter and rotated by means of 
a belt. The mechanical energy expended in 
causing the outer cone to rotate about the 
inner is converted into heat energy, the 
amount of which is given by the relation 
Q = {K + IF) (^2 “ ^i) where K is the heat 
equivalent of the cones, stirrer, and ther¬ 
mometer combined, and W is the mass of the 
water. The energy expended in ergs is given 
l)y the expression, E — Mg x 27rr X N, where 
N is the number of revolutions and r is the radius of the disk from the edge of 
wliich a cord pulls tangentially to and .supports the mass M. The ratio between 
the meclianical energy disappearing, E, and the quantity of heat appearing, 
Q, is found to be a constant, for which J is the symbol generally used. Thus: 

J — E/Q — 4.186 joules/cal = 4.186 X 10^ ergs/cal 427.3 gm-m/cal 

In the English system J = 778 ft-lb/Btu. 

Many other methods of converting mechanical energy into heat energy have 
been employed, such as rotating metals in a magnetic field, or compressing air, 
but whatever the method the results give the same value for J. Tlius, we liave 
come to consider heat as merely one form of energy and to realize that wlien- 
ever mechanical energy disappears the same amount of encrg>' appears as heat. 
This scientific fact furnishes an important e.xample of the Law of Conservation 
of Energy which holds that energ>' can be neither created nor destroyed. This 
means that the total amount of encrg>' in the universe remains con.stant. 1'he 
recently discovered conversion of mass into energy (the basic principle of 
the atomic bomb), and vice versa, does not affect tlie general applicaliility of 
the law even though it docs broaden our concept of energy. 

TIjc principles discussed in the preceding paragraplis should be made clearer 
by tl)e solution of a few problems in which they are involved. 



Fig. 18-2. Laboratory apparatus 
for determining the mechanical 
equivalent of heat. The work done 
in slipping the outer cone about 
the inner is transformed into heat 
energy which warms the water in 
the inner cone 
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(1) A car weighing 3200 lb and having a speed of 50 ft/sec is brought to rest 
by the application of its brakes. How much heat is produced? 


Heat in Btu 


energy i n ft-lb 
"778 


1 X 3200 X 50^ 

2 X 32 X 778 


160.7 Btu 


(2) Find the number of calories produced when a mass of 40 kg is allowed to 
slide dowm an inclined plane and come to rest on a horizontal plane 4 m lower 
than the starting point. 


Heat in calories = Energy in gm-m/427 = 40 X 1000 X 4/427 = 375 cal 


Many examples of the conversion of mechanical energy into heat are com¬ 
mon knowledge. Tlie work done on a bicycle pump may cause considerable 
heating at its delivery tube or valve. The compression of the gas-air mixture 
in an engine may cause such a liigh temperature tliat ignition may occur even 
l)efore the passing of the spark and cause a ‘'ping.” In fact, the Diesel engine 
depends entirely on the heat of compression to bring about ignition. Mechanical 
refrigerators depend for their action upon the removal of the heat of compres¬ 
sion. Bearings, insufficiently lubricated, may be “burned out.” Bullets may be 


melted on impact by tiie heat equivalent of their kinetic energy. Drawing a 
rope over a wooden beam may cause a fire. Indians depended on friction to 
start their fires. 

18.7. Specific Heats of Gases. Tables giving the specific heats of gases in¬ 
clude two sets of values, one for gases kept under constant pressure, C^, and the 

other for gases kejit at a constant volume, C„, 
while their temjierature is being changed. Sup¬ 
pose 1 gm of oxygen, which has a volume of 
699 cm^ under standard conditions, were enclosed 
in a cylinder with a frictionless piston, all at 
0°C, as shown in Fig. 18-3. If the temperature is 
raised one centigrade degree and the piston is 
prevented from moving, the heat required is 
0.155 cal, the value of C^, for oxygen. If now the 
jiiston be released it will move upward until the 



Fig. 18-3. .•\n ideal friction- 
free cylinder and piston 


volume is increased by 1 /273 of 699 cm-^. The piston does work against the 
atmospheric pressure, wiiich is 1.0131 X lO*"’ dynes/cm^, by an amount equal to 
the product of this pressure by the change in volume, or, 


1.0131 X 10*'* X 699/273 = 2.595 X ergs 

= 2.595 X 10V4.1866 X 10^ 0.062 cal 


Since this work is performed at the expense of the heat energy of the gas an 
additional 0.062 cal of heat must be supplied to bring the 1 gm of oxygen to 
1°C\ Tiiis means that tlie total heat required to change the temperature of 
1 gm of oxygen through one centigrade degree, the j)ressure remaining constant, 
' 0.15.) + 0.062 = 0.217 cal. This value, deduced in part from theoretical con- 
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siderations, is in perfect agreement with the values obtained experimentally 
with apparatus arranged so that the gas is heated at constant pressure. The 
same basic difference is found to hold also for other gases, and the relation 
+ ^(^1 “ ^ 0 )/^ holds generally. In this equation each term is ex¬ 
pressed in heat units since dividing the work done by J gives its equivalent 
value in heat units. (Fj — Fq) is the change in volume for a change of one 
centigrade degree in temperature. 

Since the heat requirements of a gas must depend on the modes of vibrations 
of the molecules, and these in turn depend on the nature of the molecules, it is 
not surprising that the ratio of Cp/C„ depends on the gas, as will be observed 
in Table 18-3. 


Table 18-3. Specific Heats of Certain Gases 


Gas 

Gp 


’ Cp/C„ 

Air. 

0.237 

0.169 

1.40 

Argon. 

0.123 

0.074 

1.667 

Oxygen 

0.217 

0.155 

1.40 

Hydrogen. 

3.409 

2.421 

1.41 

Nitrogen. 

0.244 

0.175 

1.41 

Carbon dioxide , . , 

0.217 

0.158 

1.37 

_ 1 

Chlorine.! 

0.121 

0.096 

1.323 


18.8. Illustrations of Interrelationships between Heat and Mechanical 
Energy. The close relation between heat energy and mechanical energy lias 
many illustrations. The efficiency of an internal combustion or of a steam engine 
is measured by the ratio of the output in mechanical energy to the input in heat 
energy. So great is the unavoidable heat discharge that an engine which delivers 
a useful energy output of one quarter of the input of energy would be considered 
a good one. The tension of a muscle is attended by a release of heat energy. 


But if, for example, the muscles of the arm are allowed to contract and lift an 
object, the release of heat is greater than it would be if the same tension -were 
exerted on an object without lifting it. The restoration of the muscle to its 
original condition likewise involves the production of heat and is accompanied 
by the consumption of oxygen. Indeed it has been found possible to correlate 
the oxygen consumption of an individual with the work he does. Mechanically 
considered the efficiency of, say, the skeletal muscles is likely to be less than 
30 per cent and it depends on many factors. Since it requires an energy ex¬ 
penditure merely to maintain a tension, any contraction that is too slow will be 
an inefficient one, while one that is too fast will waste energy on the viscosity 
forces which become important at high speeds. In general there is an optimum 
speed for any muscular action, just as there is for the motorist who would 
realize the greatest number of “miles per gallon.” 

The jihysicist might well hope for a mechanism by which the potential energy 
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lost when he walks down stairs might be recovered and utilized on his way back 
up. But his muscles are under tension constantly while he is descending, hence 
require a constant expenditure of heat energy which is not recoverable, hence 
not available for the ascent. Indeed it requires for the trip down roughly 40 per 
cent of the energy required for the climb up. In an earlier chapter attention was 
called to the unnecessarily large muscular tensions growing out of maintaining 
improper postures, using unsuitable chairs, etc. It should now be clear why such 
tensions involve wasted energy, even though they may not involve work in the 
usual physical sense. 


Problems 

1. What temperature would result if 400 gm of iron at 05°C were added to a copper 
calorimeter weighing 60 gm and containing 300 gm of water at 12°C? (Ans. 22®C) 

2. A piece of aluminum (sp ht, 0.22) weighing 70 gm was heated in an oil bath and 
then lowered into 180 gm of water contained in a copper calorimeter, weighing 120 gm, 
both at 15®C. If the temperature of the water rose to 24°C, what was the temperature 
of the oil? 

3. If when 80 gm of aluminum at 100°C is dropped into a copper calorimeter weigh¬ 
ing 90 gm and containing 150 gm of water at 10®C the temperature of the water rises 
to 10.0®C, what is the specific heat of aluminum? (A«s. 0.22) 

4. How much heat in calorics would it take to warm the air in a room 3 X 4 X 6 m 
from 0® to 20®C assuming that the pressure of the air remains constant and that its 
density is 1.293 gm/liter? 

5. How much heat would it require to raise the temperature of a 10-gm lead bullet 
from a room temperature of 20®C to its melting point, 327°C? With what velocity 
must it strike a steel plate to produce this heat if the entire kinetic energy of the bullet 
is transformed into heat and acquired by it? {Ans. 98.2 cal; 286.8 m/sec) 

6 . An air compressor is driven by a 12-hp motor and cooled by a stream of water 
which passes 8 Ib/sec. If all the heat of compression is absorbed by the water, how 
much, in Fahrenheit degrees, is its temperature raised as it flows through the com- 
j)ressor? (Assume efficiency is 190 per cent) 

7. How much heat in British thermal units is developed when a train weighing 100 
tons and having a speed of 30 mi/hr is brought to rest by brakes? How much when 
the speed is 45 mi hr? (Ans. 77S0 Btu; 17,480 Btu) 

8 . How much heat in British thermal units was developed in the brake drums of a 
car in a half-hour of driving if the driver left the brakes on sufficiently to add 10 hp 
to the demand on the engine? 

9. A car weighing 3520 lb coasted down a hill 225 ft high but had at the bottom a 
speed of only 60 ft/sec. How many Btu were produced if all the energy lost was con¬ 
verted into heat? {Ans. 764 Bt\]) 

10. A student used a rope to pull his 130-lb trunk up a 9.1-ft plank to load it into 
a truck having a floor level 3.5 ft from the ground. If the coefficient of friction was 0.4, 
find the extra force required due to friction and the heat, in Btu, produced. 

11. During the course of a certain day the gage of an 80-liter oxygen tank showed 
a fall of pressure from 735 to 645 lb an". To what volume did the escaping gas expand 
assuming an atmospheric pressure of 15 lb in.- (gage pre-=sure 0)? A.<sume there was 
no temperature change. (Ans. 480 liters) 

12. If the specific heat of oxygen at constant pressure is 0.217 and its density 
1.43 gm/1, what was the weight of the gas which escaped as described in Problem 11, 
and how many calories woufil be required to raise its temperature from 17® to 37®C? 
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13. A 3520-lb automobile with a speed of 30 mi/hr was brought to stop by an excited 
driver who applied the brakes so firmly that all wheels skidded until the car was 
brought to a stop. If the coefficient of friction between the tires and the pavement 
was 0.70, how long were the skid marks on the pavement and how much heat was 
produced? {Ans. 43.2 ft; 136 Btu) 

14. If the temperature of the water flowing from an engine into the car heater is 
80°C and only 40®C on leaving it and if 40 liters flow through per minute, how much 
heat is delivered to the interior of the car in a half-hour of driving ? How many cubic 
meters of air would this warm from a temperature of —30° to 15°C? 

15. A steel hammer weighing 1 kg strikes a nail with a velocity of 10 m/sec and 
drives it 2 cm into the wood. Find the number of calories produced. (Ans. 11.95 calories) 

16. A student in operating a laboratory horsepower-tester found that he could deliver 
120 watts of power without exerting himself unduly. What was his horsepower and 
how much heat in calories did he produce in the brakes in the 10-min run? 

17. How much round-beef, or egg, or white bread would it require to replace the 
energy expended in doing the work described in Problem 16? (Ans. Beef 9.25 gm; 
eggs 11.6 gm; bread 6.6 gm) 

Suggested Reading 

Glasser, 0. (Editor), Medical Physics, 1 and II, 2nd ed. (Year Book Publishers, Inc., 

1950) 
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19.1, The States of Matter. Almost any substance may be made to assume 
any one of the three different states; for example, water as a substance may 
exist as a solid, a liquid, or as a vapor although in common usage the word water 
refers to only the liquid form. These three states are diagrammatically repre¬ 
sented in Fig. 19-1 in which (a) shows the regu¬ 
lar arrangement of the molecules in jce, (b) their 
random distribution in water, and (c) their 
equally random but with the more widely spaced 
distribution characteristic of vapors and gases. If 
each diagram be taken to represent one gram of 
the substance, the volume represented by (a) and 
by (b) would each differ but little from 1 cm^ 
while that for (c) would be 1671 cm^, assuming 
steam at 100°C and the normal pressure of 76 cm 
of mercury. 

In the crystal form (a), the molecules have 
little or no freedom to change their position; they 
are quite firmly bound to each other by inter- 


la) 



o e 
o 


(c) 

Fio. 10-1. Graphical represen¬ 
tation of (a) a crystal, (b) a 
liquid, and (c) gas or vapor 


molecular forces and possess relatively little kinetic energy. In sharp contrast 
the molecules in (b), although still exerting strong forces on each other, possess 
enough kinetic energy to have complete freedom of motion. In the case of ice the 
heat energy required to make the change from the state (a) to the state (b) at 
its normal melting point is 80 times as much as would be required to change the 
temi)erature of the resulting water through only one centigrade degree. But the 
change from the state (b) to the state (c) at the normal l)oiling point of water 
requires even a much larger amount of energy; in fact, nearly seven times as 
much as was required for the previous change of state, for in tliis change the 
substance must be given not only a large increase in kinetic energy but energy 
must be supplied to do the work involved in tlie expansion against any external 
jiressure to the relatively large volume occupied by the vapor at the same 
temperature. 

19.2. The Melting Point and the Heat of Fusion. As suggested in Fig- 
19-1 (a), the molecules throughout a crystal are closely bound to one another. 
At ordinary temperatures they are far from quiescent, but their energies remain 
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substantially equivalent since any extra energy received by one would be 
immediately distributed among the others, thereby making it possible for the 
substance to remain in the crystal state. If, however, sufficient energy has been 
added to bring the crystal to a certain definite temperature, which depends on 
the substance, any further addition of energy results in fusion. That tempera¬ 
ture is called the melting point of the substance, and it is also the freezing 
point of the same substance when being cooled and changed from the liquid 
to the solid state. The melting point of any crystalline substance is a very 
definite characteristic of that substance, so definite that melting points arc 
used as fixed points in the calibration of thermometers. 

The amount of energy required to change the state of 1 gm of a solid at its 
melting point to a liquid at the same temperature is likewise a definite char¬ 
acteristic of the substance and is known as its heat of fusion. The melting 
points and the heats of fusion of a few widely used substances are given in 
Table 19-1. 


Table 19-1. Melting Points and He.ats of Fusion 


Substance 

Melting Point, 

Heat of Fusion 
in cal/gm 

Alcohol. 

-114.4 

24.9 

Aluminum. 

658.7 

76.8 

Argon. 

-190 

6.71 

Beeswax. 

61.8 

42.3 

Copper. 

1083 

42.0 

Ice. 

0 

79.6 

Lead. 

327 

5.86 

Mercury. 

-39.7 

2.82 

Platinum. 

1755 

27.2 

Silver. 

9t)0.8 

21.1 

Tin. 

232 

14.0 


Alloys or mixtures of two substances may liavc a melting point lower, or in 
a few cases higher, than the melting point of either component. For example, 
an alloy of 30 per cent lead and 70 per cent tin melts at only 185®C. The 
eutectic mixture of two or more substances is that which has the lowest melting 
point. 

19.3. Influence of Pressure Changes on the Melting Point. While in 
most cases solids expand on melting there are a few cases in which a con¬ 
traction takes place, that of ice being a notable and important example. In 
such a case the application of pressure should assist in the melting process. 
Indeed the melting point of ice is lowered 0.0072°C by the addition of 1 at¬ 
mosphere of pressure. This is in line with the general rule that the melting point 
of any substance which contracts on melting is lowered, while that of any sub¬ 
stance which expands is raised by the application of pressure. In the case of ice 
this effect may he demonstrated l)y joining a pair of heavy masses by a wire 
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and hanging the combination over a block of ice as shown in Fig. 19-2. Beneath 
the wire the melting point is lowered by the pressure, consequently the ice melts. 
The resulting water flows around the wire to its top side where the pressure 
is less. Here it freezes since its temperature is below its normal freezing point. 
This phenomenon is known as regelation. Actually the heat released is con¬ 
ducted through the wire and is used in the melting of the ice underneath, which 

explains the fact that the process is expe¬ 
dited by using a wire of high conductivity. 
There are many illustrations of regelation: 
the ice under a skate mav be melted under 
the high pressure along its line of contact 
with the skate, yielding water which lubri¬ 
cates the skate but which freezes the instant 
the pressure is relieved; the track of a sled 
runner may show ice instead of snow; hard 
snowballs may be formed or two pieces of 
ice frozen together through the temporary 
application of high pressure. That a glacier 
may flow jiast a protruding rock beneath it 
can be explained on the basis of regelation, in some cases, though slippage of 
ice along the planes of the crystals must be responsible where temperatures are 
much below 0°C. 

The fact that water expands on freezing is of very great importance. Ice 
actually occupies 10 per cent more volume than a like mass of water at the 
same tem])erature. During cold weather the ice forming on rivers and lakes, 
being less dense than water, remains on the surface and thereby shields the re¬ 
maining water. Otherwise the ice would collect at the bottom of water bodies. 
In verv cold climates rivers and manv other bodies of water would freeze solid 


Fiu. 10-2. Example of roKelation. 
'I'he ice melts untler the wire and 
freezes above it, leaving the block 
undivided as it cuts through 


and thereby exterminate many forms of aquatic life and deprive land animals 
of their source of water. A less fortunate result is the bursting of radiators, pipes, 
etc., due to tlie freezing and accompanying expansion of the water they enclose. 
19.4. Undercooling. Since the existence of a crystal presupposes a group of 
closely bound molecules having similar energies and uniform spacings, it is not 
surprising that it is possible to cool a liquid below its normal freezing point 
before such a group chances to form. But as soon as it does form, or if a crystal 
of the substance is added as a nucleus, solidification l)egins immediately and 
the temperature rises to its normal freezing point. ^Making use of this phe¬ 
nomenon or principle, physicists in recent years have been able to grow very 
large crystals in each case by introducing a single, minute “seed” crystal into a 
very piire solution or a Wquid form of the sul)stancc. It is essential that the 
temperature be carefully controlled and allowed to fall very slowly. Many 
>ynthetic jewels for electrical instruments and large transparent crystals for 
optical instruments have been grown, as well as single crystal metal bars with 
interesting and valuable properties. 
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19.5. Plastic Substances. While the melting point of a crystalline substance 
is a definite temperature and identical with its freezing point there are many 
solids that do not have a definite melting point but go through a plastic stage 
in their transition from the solid to the liquid state. For example, glass is plastic 
through a wide range of temperatures in which it may be given various forms by 
the glassblower. The blacksmith fashions iron while it is in the plastic stage but 
it is believed that the actual welding may depend on regelation. Recently a large 
variety of new substances have been developed which are plastic in temperature 
ranges suitable for the economical manufacture of a wide assortment of articles. 
As a group these substances are called plastics. In general, one can assign neither 
a melting point nor a heat of fusion to such a substance. 

19.6. The Freezing of Solutions and of Mixtures. It is a general principle 
that the freezing point of a solution is lower than that of the solvent alone. One 
might consider it as a matter of balance in tendencies or virtual forces. The 
molecules of a solvent attract each other and have a tendency to form crystals, 
which is their condition of lowest energy, characterized by regular spacing, as 
described above. Against this tendency there is an effective mutual repulsion due 
to their molecular motions. In a pure liquid, say water, these two tendencies 
balance at 0°C, at which point any further removal of energy results in the 
fonnation of crystals. If to water one adds a substance, say common salt, whose 
molecules attract water molecules, a new resistance to crystallization of water is 
introduced. This necessitates a further reduction in the molecular activity be¬ 
fore a new balance is possible, hence a lowering of the freezing point. The 
larger the number of molecules introduced the greater is the lowering of the 
freezing point. To a surprising degree this lowering is independent of the nature 
of the molecules of the solute. If, however, the forces of attraction between the 
molecules of the water and those of the solute are so strong that the latter are 
dissociated, then there is a further lowering to an extent depending on the <legree 
of dissociation. The total effect dei)ends on the number of particles, whether 
they be molecules or ions. That the phenomenon depends on molecular forces 
is seen in the fact that adding an insoluble substance, say sand, has no effect 
on the freezing point whatever, excei)t within the layers of molecules adsorbed 
on the particles. 

As aqueous solutions freeze, water molecules are withdrawn to form crystals 
of pure ice. This gradually raises the concentration of the residual solution, 
hence progressively lowers its freezing point until the solution becomes satu¬ 
rated. Any further withdrawal of heat means a formation of crystals of the 
solute also, and no further lowering of the freezing point takes place. Th(! 
minimum temperature reachcfl is called the eutectic temperature, and the cor¬ 
responding solution or mixture, a eutectic one. Further freezing yields an in¬ 
timate mixture of crystals of the two substances. This jirinciple is of general 
application. 

A mixture of ice and salt at 0^0 would obviously be far ahovi* its fret'zing 
temperature, and the molecular affinity between the two tyja-s of molecules 
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would bring about fusion and solution at once. The heat required for this, the 
heat of fusion, would be taken from the mixture itself, and the process would 
progressively lower the temperature of the mixture of salt, ice, and solution 
until its own freezing point is reached. An original mixture of one part of salt to 
three of ice will yield a temperature as low as “22°C. Similarly a mixture of 
three parts of calcium chloride and two of ice might go as low as 55 C. The 
ordinary mixture of the ingredients of ice cream would never freeze regardless of 
the amount of pure ice which might be placed about the vessel containing the 
mixture, since the freezing point of such a mixture is below 0°C, the tempera¬ 
ture of the surrounding ice. In practice one mixes salt with the ice, and thereby 
reduces the temperature of the latter to a point well below the freezing point 
of the cream mixture. Freezing mixtvires may be used to preserve not only ice 
cream but also meats and other foods in transit or in homes. The pathologist 
may use them to freeze tissues in preparation for a later examination. 

19.7. The Freezing of Living Tissues. In general the freezing of cells is 
accompanied by tlie withdrawal of water from tlieir contents, if intercellular 
crystals are formed, or from the cell fluids in the case of intracellular crystals. 
Regardless of whether the ice crystals form inside or just outside the cell walls 
tlie residual fluid becomes increasingly concentrated and its freezing point 
correspondingly lowered. On account of the variety of complex substances in¬ 
volved the process may be far less simple than this. If the freezing takes 
place very slowly, relatively few crystals will form; but, in the case of intra¬ 
cellular crystals, they may grow to such a size that the protoplasm and the 
cell wall may become punctured, which means death to the cell. Crystals grow¬ 
ing intercellularly may attain even greater size since each may draw water 
from a number of cells. In general these arc not so harmful since in masses 
the cells are i)ushed to one side without suffering a punct\ire. But the process 
may continue until a single crystal has destroyed a very large number of cells. 
In either case the concentration of the residual contents of the cells may become 
intolerable, proteins may become insoluble, fats and sugars displaced, dis¬ 
solved or altered. Just what takes place is not fully understood but certainly 
varies with the cell. In some cells the water is largely adsorbed on the cell 'W’alls 
or on the particles within it and cannot be frozen readily; hence in the absence 
of any crystal within the cell its contents may be lowered to a temperature far 
below its normal freezing point without any freezing taking place—an important 
case of undercooling. The immunity of hardy plants and of certain cells in the 
body is believed to be due largely to their resistance to the formation of intra¬ 
cellular crystals although matters of small size, porosity, adsorption, and vis¬ 
cosity are known to play im])ortant roles. 

In the human body the blood and the lymph are rapidly withdrawn from any 
area of the body exposed to a low temperature. This not only conserves the body 
heat but lowers the freezing point of the tissues within the area exposed. Even 
in the case of a frozen foot, generally enough cells and capillaries survive to 
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carry on, provided mechanical aids to circulation can be supplied, through col¬ 
lateral tubes or channels until normal controls and channels are restored. 

AA hen freezing takes place very rapidly there may be insufficient time for 
the water to diffuse to the first crystals formed, with the result that a large 
number of fine crystals, often submicroscopic, form within and without the 
cells. These are far less destructive to the cells, which therefore may still have 
their characteristic color and quality when thawed even though they have re¬ 
mained frozen for an extended period. If, however, the temperature is not kept 
very low, say below — 15°C, or if the temperature is allowed to fluctuate during 
the period of storage, the larger ciystals may grow at the expense of the smaller 
with consequent damage to the cells. Such considerations and principles form 
the basis of the rapidly growing commercial quick-freezing industry. Efficient 
equipment for domestic quick-freezing and proper storage is now available. 

19.8. Sublimation. Although the molecules in the body of a solid may have 
substantially the same energy, individual molecules on the surface may acquire 
sufficient energy to enable them to escape from the adjacent molecules with 
which they are bound. With most solids this rarely or never happens at atmos¬ 
pheric pressure, but it does in the case of certain familiar substances: ice and 
snow, iodine, camphor, and solid carbon dioxide, now widely used commercially 
and known as *‘dry ice.” In each case the solid remains “dry” as tlie transition 
from the solid to the gaseous state is direct. Such a change is called sublima¬ 
tion. The reverse change is equally direct. Snow itself and the familiar white 
frost result from the direct change from the vapor to the solid state. Camphor 
“frost” may be seen on the inside surface of a closed bottle containing pieces of 
camphor, and the soot in our chimneys results in part from direct condensations. 
The energy change involved in bringing a given mass of a body from one state 
and temperature to another is a definite quantity regardless of whether the 
change is direct or in stages and does not depend on the temperatures at 
which the changes of state occur. 

19.9. The Experimental Determination of the Heat of Fusion of Ice. In 
the laboratory the experimental method usually employed to determine the 
numerical value of the heat of fusion of ice involves introducing a freshly dried 
lump of ice into a known quantity of water at a temperature somewhat al)ove 
tlie temperature of the room. For example, assume that a certain dry lump of ice 
was introduced into a copper (split 0.093) calorimeter weighing 100 gm and 
containing 200 gm of water at 25°C and that, at the instance the ice was all 
melted and the water stirred, the temperature was only 15“C and the total 
weight was 382.7 gm. From these data one may calculate the heat of fusion as 
follows: 


Weight of ice added = 382.7 — (IGO -|- 200) = 22.7 gm 

The heat received by the melting ice and by the resulting water in rising to 
the final temperature must etpial that lost by tlie original water and the calo- 
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rimeter in falling to the final temperature. Hence it follows, if L is the heat of 
fusion of ice: 

22.7 X L + 22.7 X 15 = (160 x 0.093 + 200) (25 -15) 

Solving, L = 79.7 cal/gm 

This is substantially the correct value. The solution given is typical of the 
solutions of calorimetric problems in general which involve the heat of fusion 

of a solid. 


Problems 

1. If water drawn from an iced drinking fountain has a temperature of 3®C while 
the feed water enters the fountain at a temperature of 19®C, how much ice is melted 
for each liter of water drawn if 40 per cent of the ice is wasted through heat losses by 
conduction? {Ans. 321.3 gm) 

2. What would be the final temperature if 64 gm of ice at 0®C were introduced into 
a glass vessel weighing 300 gm and containing 400 gm of water at 25°C, if glass has a 
specific heat of 0.14? 

3. Calculate the heat absorbed by 10 kg of ice and also that absorbed by 10 kg of 
water, each at 0®C initially, if the chamber into which they are introduced is assumed 
to remain at 5®C. How many times as useful is the ice with respect to the water as 
a refrigerant in this case? Incidentally your answer should explain the effectiveness of 
ice packs as used in hospitals, {Ans. 17 to 1) 

4. Into a copper calorimeter weighing 150 gm and containing 250 gm of water at t®C 
a student dropped a cube of dried ice weighing 35 gm. Find t if the final temperature 

is 12°C. 

5. A mass of 120 gm of molten lead at its melting point was poured into a hollow 
cut in the upper face of a large block of ice at 0°C. How much of the ice was melted 
if the mean specific heat for this range of temperature is 0.04? (Ans. 28.41 gm) 

6. A lump of ice weighing 150 gm was brought in from outdoors and immediately 
lowered into water at 0°C. After it had come into equilibrium with the water it was 
found to weigh 160 gm. What was the temperature outdoors if the specific heat of 
ice is 0.5? 

7. How many times as effective as a cooling agent is a glassful of a mixture of 
ginger ale and crushed ice in equal masses as a glass containing an equal total mass 
of ginger ale alone, assuming that each was initially at 0°C and that the internal body 
temperature is 37°C? (Ans. 2.08 times) 

8. How much heat would be given out by 200 gm of molten aluminum, poured from 
a ladle containing a mixture of molten and scrap aluminum, in falling to a room tem¬ 
perature of 20®C, assuming a mean specific heat of 0.25? 

9. Farmers sometimes keep tubs of water in their vegetable caves to prevent their 
stores from freezing. Explain this practice. 

10. A tinsmith melted 200 gm of tin and then 300 gm of lead. If both were at 20° 
initially, what was the total heat requirement? (See Tables 18-1 and 19-1) 

11. DryAce (solid COA sublimes at —78.5°C and has a heat of sublimation of 137.1 
cal/gm. It is widely used commercially in the shipment of such commodities as yeast. 
Point out its advantages over ice or over ice-salt mixtures. If in a certain shipment 300 
gm of dry-ice were included but only 100 gm remained when it reached its destination, 
how much heat had reached the dry-ice en route? (Ams. 27,420 cal) 

12. Why should ice form on the freezing unit of a refrigerator rather than on the 
walls or the shelves? Does the keeping open of milk bottles and other containers of 
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liquids raise or lower the cost of operation? Explain. A housewife collected 240 gm 
of water during a certain de-icing. How much heat had the mechanism removed during 
the freezing of the ice coating? How many joules of work did this require of the motor? 

13. A goblet contains a 5 cm cube of ice and enough water at 0°C to fill it brimful. 
If the specific gravity of ice is 0.9, how much does it weigh, and how much does it 
extend above the edge of the goblet? How much heat will it require to melt it? Ex¬ 
plain whether during the melting the surface will fall, remain the same, or whether 
some water will run over the edge. (Ahs. 112.5 gm; 0.5 cm; 9000 cal) 

14. A copper vessel weighing 60 gm and containing 120 gm of water at 20°C was 
placed outdoors. How much heat was lost while its temperature was falling to that of 
the outdoors, —30®C? (See Table 18-1) 
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Change of State 
and Vapors 


Pertaining to Liquids 


In Fig. 19-1 (b) and (c) the close packing of the molecules in liquids com¬ 
pared to their more widely spaced condition in gases or vapors was diagram- 
matically represented. Also it has been pointed out that a large change m 
energy is involved in the transition from the liquid to the gaseous state. Mole¬ 
cules at the surface of a liquid are less likely to share their energies with the 
other molecules and are also in better position to receive extra energy from out¬ 
side sources, as well as to escape. As might be expected certain of these mol¬ 
ecules will chance to acquire sufficient energy to enable them to overcome the m- 
termolecular forces and to leave the liquid. Those which do leave are the ones 
with the highest energies, hence those which remain will have on the average 
lower kinetic energies. The much greater kinetic energies possessed by the mole- 

cules upon entering the vapor state are ob- 



Fig. 20-1. A cylindrical cup closed 
by a piston and containing only a 
liquid and its vapor 


tained at the expense of the molecules re¬ 
maining in the liquid. Their extra energy 
takes care of the work done in expanding 
the volume occupied and provides the 
greater internal energy characteristic of the 
vapor. Unless energy is supplied by an out¬ 
side source the temperature of the remain¬ 
ing liquid must fall, hence evaporation is 
essentially a cooling process and as such has 
many uses. 

20.1. Saturated Vapor Pressure. Suppose 
that in the cylinder shown in Fig. 20-1 
there is only a liquid and its vapor. When 
' first enclosed there is rapid escape of mole¬ 


cules into the space above and a consequent cooling effect. However, in a very 
short time the number which return per second is exactly equal to that which 
escape and there is no further not loss of heat from the liquid even though 
the escaping continues; the returning molecules bring back as much energy 
as those escaping remove. When such a condition exists the space above the 
liquid is said to be saturated and the pressure exerted is called the saturated 
vapor pressure. Raising the piston would allow enough molecules to escape 
to reestablish saturation. But if the piston were lowered more molecules 
would return than leave; in other words there would be enough condensation 
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to restore equilibrium. Whatever the volume, the pressure would soon become 
that of the saturated vapor. A rise in the temperature of the cylinder and 
its contents would result in a larger number of the molecules acquiring the 
energy required to escape, and this would lead to a higher saturated vapor 
pressure and immediately to the greater rate of return needed to balance. A 
cooling would have the opposite effect 
and lead to a condensation. In short, the 
saturated vapor pressure of a given sub¬ 
stance depends on the temperature but 
not on the volume. 

20.2. Dependence o£ Saturated Vapor 
Pressure on Substance and on Tem¬ 
perature. Although the kinetic energy 
of a gaseous particle depends on the 
temperature and not upon the kind of 
particle, it is to be expected that the 
energy which must be added to a mole¬ 
cule in the liquid state to enable it to 
escape must depend on the intermo- 
Iccular forces, hence on the kind of mole¬ 
cules. This means also that at any par¬ 
ticular temperature the saturated vapor 
pressure of one substance might differ 
widely from that of another and, for 
some liquids, might be even negligible. 

A simple method of observing and measuring the saturated vapor pressures of 
each of several substances is suggested by the various parts of Fig. 20-2. 
In this is shown a series of closed inverted barometer tubes, each having 
been completely filled with mercury and inverted, and finally sealed by im¬ 
mersing the open end in mercury. Tubes A contain no molecules other than 
those of mercury. The vertical heights of the mercury surfaces in these two 
tubes arc exactly the same, measured above the level of the mercury surface 
in the open reservoir, regardless of the inclination of the tube or the depth 
to which it extends. This height, indicated by the line M, gives a measure of 
the existing atmospheric pressure. Into each of the two tubes, B, a few drops 
of air-free water were introduced. Evaporation into the vacuous space takes 
place rapidly and soon establishes therein the saturated vapor pressure of 
water for the existing temperature. Its value is given by the difference between 
the levels of M and of N. This difference remains unchanged as cither tube is 
raised or lowered or inclined, but would be rapidly increased by raising the 
temperature. In tube C, into which a few drops of ethyl alcohol were introduced, 
the depression MO is greater than MN; Imt in the case of D, which contains 
ethyl ether, the depres.sion, MB, is very much greater than either of the others. 
'I'liis liquid has at room temperature a saturated vapor pressure greater than 


Fig. 20-2. Inverted closed tubes scaled 
with mercury and containing (other than 
mercury vapor) A. No other molecules. 
B. .\ir-free water and its vapor. C. Ethyl 
alcohol and its vapor. D. Ethyl ether 
and its vapor. E. Ether and air 
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half the standard barometer pressure. Tube E contains ether but also enough air 
to bring the total pressure in that tube to that of the outside atmosphere, hence 
the level of the mercury inside the tube is the same as that on the outside. The 
gaseous mixture now in E has precisely the composition that would be breathed 
by a patient if he were being anesthetized with saturated ether vapor in prepara¬ 
tion for an operation. Actually saturated vapor is not used, but it should be 
obvious that with each breath the patient obtains less oxygen than would be 
normally obtained, and the resulting reduction in the intake of oxygen may aid 
the specific action of the ether in bringing about the desired state of un¬ 
consciousness. 

Had the steps suggested in Fig. 20-2 been carried out in a very warm room, 
the depression of the mercury in tubes B, C, and D would have been greater and 
less air would have been needed in E. The saturated vapor pressure of a sub¬ 
stance increases rapidly with increasing temperature, again depending critically 
on the substance. The variations with temperature of a few substances of com¬ 
mon interest are represented by the curves in Fig. 20—3. In this the horizontal 
line, B, represents the standard barometric pressure of 76 cm of mercury. The 
abscissas of the intersections of this line with the different curves give re¬ 
spectively the temperatures at which the saturated vapor pressures become 
equal to that of the atmosphere. These temperatures are the boiling points of 
the various liquids. Considering 20®C as room temperature, the intersections of 
the vertical line through the 20'’C point with the several curves give the 
saturated pressures of the various liquids at room temperature. 

It is common knowledge that, to be explosive, a mixture of two or more sub¬ 
stances capable of combining explosively must have a percentage composition 
within a certain range and that this range depends critically on the substances. 
The explosive nature of ether might be expected from the curve in Fig. 20-3. 
Commercial gasoline is a mixture of a number of hydrocarbons of which several 
have low boiling points and at normal operating temperatures have sufficient 
vapor pressure to provide an explosive mixture. The explosion, once initiated, 
provides a sufficiently high temperature to bring into action the remaining, and 
heavier, components of the gasoline. For winter use a higher than normal per¬ 
centage of the lighter components are included. Diesel oil would not meet the 
requirements of an explosive at ordinary temperatures but docs when strongly 
preheated, as it is by special means incorporated in the Diesel engine. 

Several other interesting deductions may be drawn from the curves of 
Fig. 20-3. It will be noted that each of the curves is rising rather rapidly as it 
crosses the line B. It is known also that the barometer readings range through 
roughly 5 cm of mercury as normal atmospheric changes take place with time. 
This means that the boiling point of water, for example, varies through a range 
of about 2®C, a matter of considerable importance in the laboratory and in 
many industrial processes. 

It should be understood that the process of boiling is fundamentally the same 
as that of vaporization, the difference being that in the case of a boiling liquid 
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the vapor pressure is equal to, or greater than, the pressure of the atmosphere 
or of other gases or vapors on its surface. This makes it possible for bubbles of 
vapor to form and grow within the body of the liquid, a thing impossible at 
lower temperatures, and thereby greatly to increase the surface area through 
which evaporation may take place. It follows that a reduction of the pressure 
on the surface would make it possible for the boiling to take place at a lower 



76 cm 


Fig. 20-3. Variations in the pressure of certain saturated vapors with temperature 


temperature and, conversely, that an elev'ation in tlie boiling point could be 
effected through an application of a pressure above that of the atmosphere. 
Each of these measures has many practical applications. 

20.3. Applications and Practical Considerations. There are many food 
products, such a.s sugars, syrups, condensed and powdered milk, and the like, 
which would be lowered in quality if they were kept at their normal boiling 
points while driving off their water content, in whole or in part. By carrying 
out the eva|>orization process under reduced pressures the water can be removed 
more rapidly and at a temperature well below that at which a deterioration in 
finality would result. Also, many chemical processes which could not be carried 
out at atmospheric or higher pressures without undesirable molecular changes 
taking place, may be employed freely at reduced pressures with their corre- 
sponflingiy lowered temperatures. Obviously the rapid removal of tlic molecules 
which have escaped from the liquid prevents their return and must greatly 
expedite the evaporation. 

In sharp contrast some foods are prepared under increased pressure. Fruits 
and vegetables, in fact all food products, can be sterilized as well as cooked 
more (luickly at pressures above that of the atmospliere, a great advantage in 
botli commercial anrl also in domestic canning from the standpoints of economy 
and of finality of profluct. Pressure cookers, widely uscfl in homes in the cook¬ 
ing of meats and vegetables, as well as in canning, not only sav(? time and fuel 
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but ensure better results. A domestic pressure cooker is shown in Fig. 20^. In 
hospitals, sterilizers operated by steam under greater than atmospheric pres¬ 
sure both expedite and ensure sterilization. At high altitudes in mountains or in 
airplanes it would be impossible to cook certain foods except under pressure. 
It is of interest to note that mountain climbers often estimate their altitude by 
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Fig. 20-4. Tyiiical prevj^uro cooker for donic.-^tic use (Courtesy 

Cooker Co. (Can.) Ltd,) 


of National Pressure 


observing the boiling point of water and using a table giving altitudes versus 

boilinp: ])oints. , . 

The variations in tlie hoilin" point with pressure may be demonstrated in 

a simple but striking manner with the arrangement shown in Fig. 20-5. A flask 
partly filled with water is provided with a rubber stopper carrying a ther¬ 
mometer and an inverted I’-tube as shown. The outer limb of the tube should 
be about a meter long, and should be left free until the water has been left 
boiling long enough to drive out all dissolved gases. The temperature then 
observed is the boiling point of water corresponding to the existing barometer 
pressure. By introducing the lower end of the tube into a large test tube of 
mercury to a depth of 5 cm. then to 10 cm. in each case observing and recording 
the temperature at which the steam is able to escape through the mercury, one 
is able to obtain two boiling points above that corresponding to atmospheric 
pressure. To obtain a series of boiling points below the latter one merely has to 
remove the burner and allow the flask to cool. It is observed that the boiling 
continues as the flask cools and the saturated vapor pressure inside falls. If de¬ 
sired a table of boiling points and corrcs])onding pressures can be prepared. 
The net pressure for any temperature may be obtained by deducting from the 
observed barometer height, the height of the mercury level in the tube above 
its level in the test tube after adding to the latter the mercury equivalent of any 
water column in the tube above tlie mercury. Results thus obtained may be 
used to obtain a curve such as those given in Fig. 20-3. The cooling may be 
expedited and a striking effect obtained by pouring over the flask cold, pref- 
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erably iced, water at intervals. The violent ebullition produced is caused by 
the rapid condensation of the vapor in the flask, and the sudden reduction in 

pressure thereby effected. It should be possible to continue the boiling process to 
temperatures well below that of the room. In fact 
it is not difficult by using a suitable air pump ^ 

and vapor-absorber combination to reduce the r=^"~T 

boiling point to 0®C and to observe the simulta- j | 

neous boiling and freezing of the water. This 
should make it clear that the term boiling point JIL 

has no definite meaning unless the pressure is f ' ^ 

specified. In the usual tables a pressure of 76 cm 
of mercury is either stated or implied. XT 

Boiling, like freezing, seems to be facilitated ] 

by having suitable nuclei about which the process , 1 

may begin. Small bubbles of gas driven out of « 

solution or released from absorbed layers facili¬ 
tate the boiling process by offering the beginning ^ 
of a bubble into which vapor may pass, or hot J 

metal points or porous solids may favor boiling. 5 ^^ 

In the absence of any such nuclei the liquid may ^ 

fail to boil until its temperature rises consider- Fig. 20-5. Convenient labora- 
ably above its normal boiling point; in other torj-demonstration of the var- 
words, superheating may take place. However, temperature of the 

once the boiling starts it proceeds with violence vapor pre&sure of ^\ater 

and produces the troublesome “bumping,” so familiar to laboratory workers, 
and the temperature falls at once to the normal boiling point for the pressure 
existing. 

20.4. The Boiling Point of Solutions, and Fractional Distillation. The 


Fig. 20-5. Convenient labora- 
too' demonstration of the var¬ 
iation with temperature of the 
vapor pressure of water 


vapor from boiling solutions of nonvolatile substances in general will contain 
only the molecules of the solvent. For example, only water vapor escapes from 
an aqueous solution of sugar. Since the evaporating molecules must break away 
from the attracting and impeding molecules of sugar as well as from other water 
molecules, they will require greater energies, hence the solution will have a boil¬ 
ing point higher than the normal point for water. In fact, the elevation of the 
boiling point is found to be proportional to the concentration of the solution. 


Since the concentration must increase as the water is driven off, the boiling point 
must ri.se progressively. In the making of candy the completion of the process 
may be indicated by the ri.se in the boiling point to a certain value. 

In case one or more of the dissolved substances is more volatile than the 


solvent itself, the first vapors given off will contain a larger percentage of the 
volatile substance than of the solvent itself. For examiile, if the vapor from a 
solution of alcohol be passed into the water-cooled condenser shown in Fig. 20-6, 
the first condensate will be largely alcohol, and the boiling point will be Iowxt 
than that of the pure solvent, but will rise toward the latter as the boiling 
proceeds. If the distillate collected early in the process be subjected to further 
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distillations the percentage of the alcohol in the distillate may be progressively 
increased to a high value. The methods of distillation are employed not only m 
the manufacture of alcohol, of alcoholic liquors, and of perfumes, but also in 

many other types of industrial processes such 

as the separation of volatile from nonvolatile 
substances. A particularly important applica¬ 
tion has to do with the separation of crude oil 
into its various components ranging from gases 
and explosive volatile liquids through light 
and heavy oils to solid residues. 

20.5. Heat of Vaporization. The amount of 
heat energy required to change one gram of 
mass of a substance from the liquid to the 
Fig. 20-6. Typical laboratory gaseous state at the same temperature is called 
condenser using a stream of water heat of vaporization of that substance. It 

as the cooling agent on both the nature of the substance 

and the temperature at which the transition takes place. The higher the tem¬ 
perature, the greater the kinetic energy possessed by the molecules in the liquid 
and the smaller the amount that must be added to change the state, in most 
cases. At 100°C the heat of vaporization of water is 540 cal/gra, but at the 
temperature of the human body (37"C) it is 576, and 585 at room temperature 
(20°C). These large values are of vital importance in the cooling of the human 
body by the evaporation of moisture in the lungs and from the skin. In fact, 
nature has provided no other way of keeping the body at the normal tempera¬ 
ture when the outside temperature is near this level or higher. The wide varia¬ 
tions among certain common substances in the boiling point and in the heat of 
vaporization will be illustrated by the examples given in Table 20-1. 

In Table 20-1 it will be observed that the boiling points of methyl alcohol and 
of chloroform are nearly the same, but that the heat of vaporization of the 


Table 20-1. Boiling Point and Heat of Vaporization 

OF Certain Substances 


Substance 

Boiling Point, in °C, 
at Pressure of 76 cm 

Heat of Vaporization 
in cal/gm at the 
Boiling Point 

Acetone. 

56.1 

124.5 

Alcohol, ethyl. 

78.3 

204 

Alcohol, methyl. . . 

64.7 

262.8 

Chloroform. 

61.3 

59 

Ether. 

34.6 

83.9 

Ethyl chloride. 

4.7 

93 

Glycol. 

197 

191 

Mercury. 

357 

65 

Water. 

100 

540 
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alcohol is nearly five times that of chloroform, hence alcohol is that many times 
as effective as a cooling agent. Dentists use ethyl chloride as a spray on gums 
0 produce local numbness to pain through the refrigerating effect of its 
vaporization. It may be observed tliat its boiling point is far below the tem¬ 
perature of the body, hence its action will be rapid. 

20.6. Critical Temperature. If the contents of a closed heavy-walled glass 
tube containing only ether and its vapor were steadily heated, the saturated 
vapor pressure would increase and its density would approach that of the liquid. 
At the same time the meniscus separating the vapor from the liquid would ap¬ 
pear to grow thinner and to flatten. It actually would disappear at the instant 
the two densities become the same, leaving the tube clear with no indication 
as to whether the tube contains liquid or vapor. The temperature at which 
this occurs is called the critical temperature, and the pressure required to 
produce liquefaction at this temperature is known as the critical pressure. 
It IS impossible to liquefy any gas at any temperature above its critical tempera¬ 
ture by the application of pressure alone. Most gases and vapors can bo liquefied 
by pressure alone at ordinary room temperatures. But the earlier experimenters 
in this field were unable to liquefy hydrogen, helium, argon, oxygen, nitrogen, 
and a few others. These were called “permanent gases.” Their difficulty grew 
out of the fact that the critical tcmiieratures of these gases were well below the 
temperatures then obtainable. Alore recently new techniques have been de¬ 
veloped which make it possible to bring the temperature of any one of these 
gases to such a low level and its pressure so high that on allowing it to expand 
into a suitable chamber a portion of the escaping gas is so cooled that it liquefies 
at ordinary pressures. Helium was the last of these gases to be liquefied. Its 
critical temperature is -2f)8''C or only 5°K. Its boiling point under normal 
atmospheric pressure is 4.2°K, its freezing point S^K. New methods recently 
have been developed by which the absolute zero of temperature has been ap- 
proached to within a fraction of a degree. 


Through high pressures and progressive stages in cooling, liquid air is now 
produced in large quantities. It has many commercial uses as such, and it offers 
a convenient method of securing oxygen from the air since liquid nitrogen has a 
lower boiling point under atmospheric pressure than has liquid oxygen and can 
be removed readily from the latter by fractional distillation. Carbon dioxide 
has a much higher critical temperature (31 °C) and is therefore much more 
easily converted into the liquid and into the solid states. The latter, known as 
“dry ice,” is widely produced and used commercially as a refrigerant. It sub¬ 
limes at —78.5°C, remains dry, and is far more effective per gram than ice as a 
cooling agent. 


20.7. Refrigeration. Attention has been called to the use of both ice and 
“dry ice” as refrigerants. The latter must be made by mechanical means, and 
except in rather cold climates ice itself is artificially produced mechanically 
and has been for many years. During the more recent times fundamentally the 
same mechanical methods have come into use in the home as well as in commer- 
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cial establishments requiring refrigeration. The various mechanical refrigera¬ 
tors now available all operate on the same basic principle. Each uses a compres¬ 
sor, a condenser, and a cooling unit, and employs a suitable refrigerant liquid. 

Tlic compressor receives the vapor of the re¬ 
frigerant from the cooling unit and delivers 
it, heated by the work done in compressing it, 
to the condenser. Here air or water currents 
remove not only the heat of compression but 
also the heat of condensation of the refriger¬ 
ant since the latter condenses at the pressure 
produced when cooled to the temperature of 
the condenser. Finally, the cooled liquid re¬ 
frigerant is led into the cooling chamber 
where, under the reduced pressure main¬ 
tained by the pump, evaporation and expan¬ 
sion take place, each a heat-absorbing proc¬ 
ess. Since the heat required is supplied by the 
contents of the refrigerator they are thereby 
cooled. As soon as the vapor |>rcssurc builds 
up to the pressure corresi)onding to the tem- 
l)erature desired as an ui)per limit, the com¬ 
pressor unit is automatically jmt into opera¬ 
tion and the entire process described is re¬ 
peated. 

The essential features of a typical me¬ 
chanical refrigerator are shown in Fig. 20-7. 
The large i)late on which many of the parts 
arc mounted is really the back of tlie idate of 
the refrigerator, although the motor-com- 
])ressor unit and the cooling unit actually ex-' 
tend into the bodv of the refrigerator. To this: 
plate is welded the tvibing carrying the hot,, 
compressed vapor; hence it serves as a con¬ 
denser. The cooling unit is in view in the 
up]>er chamber of any domestic refrigenitor- 
space. 

The choice of refrigerant is a very critical 
matter. It must be a liquid which condenses, 
from the vapor state under a pressure which 
readily can be produced and at a temperature somewhat above that of the 
room; otherwise only the heat of compression co\dd be utilized. It should be 
cheap, noncorrosive, easily detected, nontoxic, stable, odorless, and noninflam¬ 
mable. It must have a low condensing pressure, and must offer satisfactory 
lubrication, “Freon 12'’ is considered one of the best in common use. 



Fig. 20-7. Structure nnd mechani¬ 
cal parts of one ty])e of a Westiiui- 
house domestic refricerator. The 
cooling element nnd controls are at 
the top; the motor and pnmp at 
the bottom (Courtesy of Westing- 

house) 
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20.8. Refrigeration in Surgery. Not only has refrigeration been used to 
produce anesthesia locally in dentistry but its use has been extended to such 
major operations as the amputation of extremities. It has been found that a leg, 
immersed in cracked ice for about two and one-half hours, may be amputated 
without pain, and that following the operation there is an absence of the 
shock that usually is associated with such operations when carried out in the 
ordinary manner. It appears, also, that the low temperature delays the infection 
that is so often troublesome. Refrigeration following the operation appears to 
be beneficial even though it does delay somewhat the healing of the tissues. The 
new methods are still under study and show promise. 


Problems 


1. Assuming that the specific heat of ice is 0.5 and that of steam is 0.48, find the 
number of calories required to convert 1 gm of ice at —20°C to steam at 110®C. 
{Ans. 734.8 cal) 

2. Calculate the number of calories required to convert 1 gm of solid mercury at 
its melting point to mercury vapor at its boiling point assuming the data given in the 
tables of this and of the preceding chapter, and using 0.033 as the mean specific heat 
of mercury. 

3. A student has 400 gm of water in a copper (sp ht 0.093) calorimeter weighing 
120 gm, all at 5°C. He found 20 gm of steam at 100°C sufficient to raise the tempera¬ 
ture to 34.4®C. On the basis of his observations calculate the heat of vaporization of 
water. (Ans. 540.4 cal/gm) 

4. A nurse put 500 gm of water at 20'’C on an electric heater to bring it “to a boil” 
at 100®C. But she left it on until only 400 gm remained, which was sufficient for her 
purpose. Find the total heat consumption and also the minimum that could have pro¬ 
duced the required quantity of boiling water. 

5. Assuming 0.48 as the specific heat of steam in the range from 100® to 120®C, 
calculate the final temperature that would result from condensing 60 gm of steam at 
120®C in a vessel which with its contents has a water equivalent of 480 gm and a tem¬ 
perature of 20®C. (Ans. 90®C) 

6. One must a.ssume that the heat required to vaporize 1 gm of water at the body 
temperature, 37®C, ami to raise the vapor to 100®C Is the same as that required to 
raise it directly to 100®C and then change it into steam. If the respective heats of 
vaporization are 576 and 540, compute the mean specific heat which the vapor must 
have between 37®C and 100®C. 

7. Each of two housewives, A and B, undertake-^ to prepare a stew of 1000 gm at 
100°C, and each starts with 1100 gm of water at 20®C. A uses “high’’ until 100®C is 
reached then switches to “luiv” for 20 min. B leaves her burner on ‘"high” for the entire 
periofl but has to add 200 gm of water at 20®C to bring the final quantity to 1000 gm 
at 100®C. Leaving out of consideration the extra time required by B. how much greater 
in per cent is the heat consumption by B than that by A? (An.s. 87.5 per cent) 

8. Compare the total heat received by a person’s skin in converting 10 gm of steam 
at 100®C to water at 37®C with that it would receive by cooling 10 gm of water at 


100® to 37®C. This comparison should explain why 


Inirns by steam are so likely to be 


severe. 


9. A porous iron (sp ht 0.12) ball at 0®C and weighing 500 gm is lowered into a 
steam cabinet at 100®C. If no water of condensation is lost what will be the maximum 
weight reached? (Ans. 511.2 gm). 



16S CHANGES OF STATE PERTAINING TO LIQUIDS AND VAPORS 
10 Compare the heats of vaporization of ethyl alcohol, methyl alcohol, and of water 

patient to inha^le through the mouth and exhale through his nose while the mirror is 

12 Stf an aluminum pot (sp ht 0.22) weighing 800 gm and containing 2000 gm 
c + * ic fnr *1 ” enough steam at 100°C was introduced to bring it from 

its toyaUemperature of’20° to°100°C. If the mean specific heat of the material was 

0 8, what was the mass of the steam required? .icop much 

13. If a condenser delivers 20 gm of ethyl alcohol per ^ 

water must flow through per minute if its temperature f ^ 

of the condenser? Assume that the mean specie heat of the alcohol is 0.55 and 

the alcohol vapor enters the condenser at 78.3 C. (An«. 478 gm) , • * 

14. A student added a 90-gm lump of ice at -10°C to a 200-gm ' 

taining 360 gm of a solution at 80°C. Find the final temperature assuming the specific 

hpats to be* ice 0.5. solution, 0.8, and calorimeter, 0.093. j • « 

^ 15. Surgical instruments at 22°C, having a total mass of 800 gm, 
sterUizer containing steam at 100°C. How much water condensed °" *em while they 
were rising to the temperature of the steam if the mean specific beat of the instruments 

was 0.11? (Ans. 12.7 gm) 




Meteorology and Climatology 


In the broader sense meteorology has to do with the physical phenomena of 
the atmosphere, but in common usage the terra applies to those particular 
phenomena which are closely associated with the weather. Such matters as 
temperature, wind direction, humidity, barometer pressure, and cloudiness are 
all involved in the problem of forecasting the weather. The facts that weather 
reports and forecasts are published and broadcast on the radio many times 
daily and that the weather itself has much to do with our comfort and even 
our health both point to the importance of understanding the basic principles 
concerned. Most of these have to do with some aspect of heat, but those con¬ 
cerning the change of state, which are treated in the two preceding chapters, 
are of particular importance. 

21.1. Humidity. The term humidity is used to describe the moistness of the 
air or its nearness to saturation with water vapor. Relative humidity ex¬ 
presses the ratio of the mass of water present in any volume of air to the mass 


which would be sufficient to saturate it at the same temperature. Absolute 
humidity specifically refers to the actual density of the water vapor present, 
and is usually given in grams per cubic meter. The temperature to whicli un- 
saturated air must be cooled before the vapor present is sufficient to saturate 
it is called the dew point. If tlie cooling continues below this temperature, 
condensation in one form or another of some of the water vapor must take 
place. So important is this that tlie determination of the relative humidity 
is included in the daily routine at the meteorological stations in all countries 
maintaining such services. The results are included in their telegraphic reports 
to central forecasting stations. In Table 21-1 are listed approximate values of 
the saturated vapor pressure of water, its density in grams per cubic meter, and 
the corresponding temperatures. It mu.st be kept in mind that the pressures 
given pertain to the saturated vapor only and apply whether the vapor is alone 
in a chamber or mixed with the atmospheric gases normally pre.sent in the air. 
(Review partial pressures in Chapter 15.) For any particular atmospheric pres¬ 
sure the higher the water vapor pressure the less is the pressure due to the other 
gases. Since the molecular weight of the vapor is less than the weights of the 
gases it displaces (tlie effective ratio is 0.()22), air, which includes saturated 
water vapor, is less dense than air only ])artially saturated; in short, humid air 
is not “lieavy air," as is so commonly supposed. 

21.2. Dew Point. By dropping pieces of ice into a polished metal cup partly 
filled with water at room temperature and thereby steadily reducing the tern- 
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Table 21-1. Pressure and Density of Saturated Water Vapor 

AT Various Temperatures* 


Temperature 



-20 

-10 

-5 

0 

2 


14 

16 

18 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

45 

50 

60 

70 

80 

90 




-4.0 

14.0 

23.0 

32.0 

35.6 

39.2 

42.8 

46.4 
50.0 

53.6 

57.2 

60.8 

64.4 
68.0 

71.6 

75.2 

78.8 

82.4 
86.0 

89.6 

93.2 

95.8 

100.4 
104.0 
113.0 

122.0 

140.0 

158.0 

176.0 

194.0 


Pressure 
mm of Hg 

Density 

gm/m® 

0.783 

0.894 

1.96 

2.16 

3.02 

3.26 

4.58 

4.85 

5.29 

5.56 

6.10 

6.36 

7.01 

7.26 

8.05 

8.27 

9.21 

9.40 

10.52 

10.66 

11.99 

12.07 

13.64 

13.64 

15.49 

15.37 

17.55 

17.30 

19.84 

19.43 

22.40 

21.78 

25.24 

24.38 

28.38 

27.23 

31.86 

30.37 

35.70 

33.81 

39.95 

37.58 

44.62 

41.71 

49.76 

46.21 

55.40 

51.12 

71.97 

52.41 

92.60 

53.73 


149.6 

233.9 

355.4 

526.0 


100 

150 

200 

300 


212.0 

302.0 

392.0 

572.0 


760.0 

3,568 

11,650 

64,300 


From Smithsonian Meteorological Tal>les, 5th Revised Edition 
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perature of the cup one may observe the formation of dew on its surface. If one 
notes the temperature and then discontinues the cooling process and allows the 
surface to warm up again tlie dew will be observed to disappear at the same 
temperature. If the air in the room is very dry, as is likely to be the case during 
the wintertime, it may be found necessary to add both salt and ice to obtain a 
condensation on the surface of the cup. In case the temperature at which the 
condensation occurs is below 0°C, the condensation will be in the solid state—■ 
that is, frost, rather than dew, will form. In either case the temperature at 
which the condensation takes place is called the dew point, although the tem¬ 
perature at which frost forms is often called the frost point. The dew point (or 
frost point) is that temperature at which the vapor actually present in the air is 
just sufficient to exert the pressure of saturated vapor. It follows that any 
further lowering of the temperature must bring about condensation in the form 
of water droplets if the dew point is above 0®C, otherwise in the form of ice 
crystals. Leaves, blades of grass, and other objects wiiich radiate and thereby 
lose their heat readily supply the needed nuclei or points on wdiich the con¬ 
densation may begin. Should the temperature of the air in any region above tlie 
surface of the earth cool below the dew point the condensation will take place 
in general on hygroscopic particles as nuclei and thereby will form clouds of 
mist or of ice crystals. Since the ice crystals have a lower vapor pressure than 
the mist particles, they will continue to grow at the expense of the latter as long 
as condensation continues or until they fall. Whether they reach the earth as 


snow or as rain depends on the temperature. 

21.3. Absolute Humidity. The mass of the w^ater vapor present at any time 
in a unit volume of air, say in a cubic meter, can be determined by drawing a 
know-n quantity of air through a w'eighed absorber capable of removing all the 
vapor as the air passes through. The increase in the weight of the absorber 
divided by the volume of the mixed air and vapor entering it gives the absolute 
humidity directly. But its value gives no indication as to the readiness with 
which w'ater will evaporate into the air from a moist or liquid surface. It fol¬ 


lows that air which is far from saturated will appear dry, wiiile air having 


the same absolute humidity w'ould feel more humid at a low'cr temiierature. 


Tlie dryness of the air, then, depends not so much on the absolute humidity as 
it does on the degree of saturation or, more definitely stated, on the ratio of the 


vapor pressure actually exerted to the saturated vapor pressure for the same 

temperature _that is, on the relative humidity. In warm humid air a person may 

find great difficulty in getting rid of the boily heat through tlie evaporation of 
his perspiration; the air will seem muggy or clo.se. He will be uncomfortable 
and forced to limit his muscular activity since such activity is accompanied by 


the liberation of heat. At the same temperature he might feel quite comfortable 


on a day wdicn the relative humidity is low'er, or regularly more comfortable, day 
!)y day, if he were in a section of the country where low' relative humidities jire- 
vail. The growth of crops and of animals depends much on the average relative 
humidity, and the health of man and his resistance to infectious diseases arc 
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likewise affected. IMany industrial processes require constant artificial control 
of both the temperature and the Immidity. 

21.4. Measurement of Relative Humidity. The determination of the dew 
point, as outlined above, offers the simplest and the most direct method of 
measuring the relative humidity provided one has available a table giving 
saturated water vapor pressures versus temperatures. The saturated vapor 




Fh;. 21-1. (a) Wet- nnd dry-bulb hygrometer, fb) Dual type hygrometer or “Ilumidi- 

guide” and thermometer (Courtesy of Taylor Instrument Co.) 


pressure for the observed dew point can be found in such a table. This is, at 
the same time, the actual vapor pressure in tiie room. The ratio of this to the 
saturated vapor pressure for the room temperature, likewise supplied by the 
table, gives the relative humidity of the air in the room. For example, 
suppose that in a certain laboratory the dew point is found to be 50®F when the 
room temperature is 68°F. The relative humidity is given by the ratio: 


Saturated vapor pressure at 50®F_9.21 

Saturated vapor pressure at 68®F 17.55 


52.5 per cent 


Since the table gives also the mass per unit volume for saturated water vapor 
at the observed room temperatures, one can calculate (approximately) the 
absolute humidity by multiplying this mass by the relative humidity as ex- 
I)erimentally determined. 

The cooling effect of evaporation likewise offers a basis for the experimental 
determination of the relative humidity, either indoors or outdoors. There is no 
net evaporation into a saturated space, hence no cooling of the liquid. The 
magnitude of the cooling effect, therefore, offers an indication of the relative 
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humidity of the space in which evaporation is taking place. In practice one 
makes use of two like thermometers suitably mounted near each other, as 
shown in Fig. 21-1 (a). One is left bare and the other is enclosed in a cloth tube 
which is kept wet. In a saturated space the two thermometers agree and give 
the temperature of the space. But in an unsaturated space the wet-bulb ther¬ 
mometer will read lower than the other by an amount which depends on the 
temperature and on the relative humidity of the space. The relation between 
the various factors is far from simple; hence in practice one makes use of tables 
prepared on the basis of experimental observations, such as Table 21-2. 

The values depend slightly on the atmospheric pressure; those given in 
Table 21-2 are for a pressure of 73.5 cm but will be found sufficiently accurate 
for ordinary use. 


Table 21-2. RELAxm: Humidity 


Readings 
of Dry Fah. 
Thermometer 

Difference in Fahrenheit Degrees between 

Wet- and Dry-Bulb Thermometer Readings 

2 

4 

0 

8 

10 

12 

14 

16 

18 

20 

22 

55 

88 

76 

65 

55 

44 

34 

25 

15 

6 



50 

88 

77 

00 

55 

45 

35 

26 

17 

8 



57 

88 

/ i 

66 

56 

46 

36 

27 

18 

10 

1 


58 

89 

Pm pm 

i i 

67 

57 

47 

38 

28 

20 

11 

3 


59 

89 

78 

68 

58 

48 

39 

30 

21 

13 

5 


60 

89 

78 

68 

58 

49 

40 

31 

22 

14 

6 

0 

61 

89 

79 

68 

59 

50 

40 

32 

24 

16 

8 

0 

62 

89 

79 

69 

60 

50 

41 

33 

25 

17 

9 

2 

63 

90 

70 

70 

60 

51 

42 

34 

26 

18 

11 

4 

64 

90 

79 

70 

61 

52 

43 

35 

27 

20 

12 

5 

65 

90 

80 

70 

62 

53 

44 

36 

28 

21 

13 

7 

66 

90 

80 

71 

62 

53 


37 

29 

22 

15 

8 

67 

90 ' 

80 

71 

62 

54 

46 

38 

30 

23 

16 

9 

68 

90 

81 

72 

03 

55 

47 

39 

31 

24 

17 

11 

69 

90 

81 

72 

64 

oa 

47 

40 

32 

25 

19 

12 

70 

to 

81 

72 

64 

56 

48 

40 

33 

26 

20 

13 

71 

90 

82 

73 

64 

56 

49 

41 

34 

27 

21 

15 

72 

73 

91 

82 

73 

65 

57 

49 

mm 

35 

28 

22 

16 

91 

82 

73 

65 

58 

50 

43 

36 

29 

23 

17 

74 

91 

82 

74 

66 

58 

51 

44 

37 

30 

24 

18 

75 

91 

82 

74 

66 

59 

51 

44 

38 

31 

25 

19 

76 

91 

83 

74 

67 

59 

52 

mm 

38 

32 

26 

20 

77 

91 

S3 

75 

67 

60 

52 

46 

30 

33 

27 

21 

78 

91 

S3 

75 

67 

60 

53 

40 

40 

31 

2S 

'}•) 

79 

91 

83 

75 

68 

60 

54 

47 

41 

31 

j 29 

23 

80 

91 

83 

76 

68 

61 

54 

47 

41 

35 

1 29 

24 
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The actual steps required in making a determination are simple. One has 
merely to observe the reading of the dry-bulb thermometer, then that of the 
wet-bulb after having caused rapid circulation of the air about the bulb by 
fanning or otherwise. Finally, the relative humidity is found in Table 21-2 in 
the line and the column, respectively, corresponding to the dry-bulb tempera¬ 
ture and the difference between the dry-bulb and the wet-bulb thermometer 
readings. Obviously for readings falling between those given in the table, one 
has to interpolate, perhaps in two directions, in the manner employed in compu¬ 
tations by logarithms. For example, if the dry-bulb thermometer reads 67°F 
and the wet-bulb 58°F, the depression is 9^ For this room temperature this 
means a relative humidity halfway between 62 and 54 per cent, or 58 per cent. 
Similarly it may be found that a dry-bulb reading of 68°F would have given a 
relative humidity of 59 per cent, assuming the same depression. By further 
interpolation, a room temperature of 67.6®F would lead finally to a relative 
humidity of 58.6 per cent. In actual practice the set of thermometers may be 
mounted on the wall and the air fanned over the bulbs before taking the read¬ 
ings, or they may be mounted on a base provided with means for whirling it 
about the head through the air. 

A third method depends on the sensitivity of certain substances to the 
humidity of the air. For example, the length of a strand of human hair, com¬ 
pletely freed of its natural oil, may vary in length by several per cent in 
following the range from day to day of the relative humidity of the air. By 
appropriate mechanical means any variation in length of a strand of hair may 
be made to cause a needle to sweep over a dial on which the actual values of 
the relative humidity are inscribed. Such an instrument is called a hygrometer. 
A widely used type is shown in Fig. 21-1 (b). Catgut, gold beater's skin, and 
variously coated papers are other substances which are sensitive to changes in 
relative humidity. The calibration of such hygrometers must be carried out 
through the use of standardized instruments. 

In meteorological work, particularly in forecasting weather, it is important 
to be able to calculate the dew point for any body of air being studied. Whereas 
forecasters would have special tables, it is a simple matter to determine the dew 
point from observations and the data of Tables 21-1 and 21-2. For example, 
suppose an observer finds the temperature to be 70°F and the relative humidity 
to be 58 per cent. From Table 21-1 one finds through interpolation that the 
pressure of saturated vapor at 70°F is 18.82 mm. A relative humidity of 58 per 
cent means that the actual vapor pressure amounts to 18.82 X 0.58 or 10.9 mm. 
Referring again to the table it is found, through interpolation, that this pressure 
is the pressure of saturated vapor at a temperature of 54.5'’F, which is there¬ 
fore the dew point. It must be apparent that the probability of precipitation, 
as well as the nature and the amount of it, might be estimated by the weather 
forecaster partly on the basis ot the dew point, although other factors are 

involved. 
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Fig. 21-2. Apparatus for dem¬ 
onstrating cloud formation by 
sudden expansion 


21,5. Cooling by Expansion and Cloud Formation. Every cyclist is 
familiar with the heat associated with the compression of air observed when 
using an air pump to inflate a tire. Many are aware, also, of the cooling pro¬ 
duced when the compressed air is allowed to do work on expansion. In the first 
instance the work done on the gas is converted into heat energy. After this heat 
of compression has been dissipated and the compressed air has come into 
equilibrium with its surroundings, any expansion 
will extract the heat equivalent of the work done, 
thereby cooling the air below its surroundings. 

This heating and cooling effect accompanies com¬ 
pression and expansion whether in a tire or a 
compression chamber, or in a free atmosphere. 

The cooling effect of expansion may be readily 
demonstrated by the equivalent of the apparatus 
diagrammatically shown in Fig. 21-2. It consists 
essentially of a sturdy platform provided with a 
thick rubber pad, a tube for introducing com¬ 
pressed air and carrying a compression manom¬ 
eter, and, finally, a large round-bottom flask (say 
5 liters). It is convenient to enclose a ring of 
wetted sponge, although sufficient water can be 
introduced simply by spraying the interior surface of the flask with water. To 
demonstrate the cooling effect one merely has to hold the flask down firmly 
on the pad, as shown, until a slow stream of air has built up a considerable 
pressure, as indicated by the gauge. A quick lifting of the flask should result in 
the formation of a cloud in the flask due to the cooling of the enclosed moist air 
to a temperature below its dew point. A little practice will point to the optimum 
pressure to use. The flask should be brought to rest over the fixed pin provided 
for its support for the observation of the cloud. Since the cloud particles form 
on the nuclei present it may become more difficult to get dense clouds after a 
few expansions, but it is an ea.sy matter to restore the supply of nuclei by simply 
dropping a smoking match into the upturned flask. In the case of a well- 
developed cloud it may be possible to observe it drifting downward with a 
clearly defined upper surface suggestive of the clouds in the atmosphere. If, 
while a cloud is still present, air pressure is applied, the cloud will vanish as 
though by magic. The heat of compression supplies the heat required to evapo¬ 
rate the mist particles forming the cloud. The .same phenomenon may be ob¬ 
served on the lee side of a mountain range over which moisture-laden air is 
flowing. On the windward slope clouds form at the height at which the cooling 
from expansion has brouglit the air to its dew point. Whether or not precipita¬ 
tion falls, is determined by the extent of the condensation. But on the lee side 
the heat of compression causes the clomls to vanish at a fairly definite level as 
the air descends to lower levels and Itigher pressures. The observer may wonder 
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how a cloud could remain on a mountaintop where the wind currents are sO 
strong. Clouds such as these are not drifting with the wind like feathers—they 
form on one side and vanish on their leeward side with a speed that matches 
that of the wind; hence they only appear to “hang.” The western slopes of 
mountain ranges in the paths of prevailing westerly winds which blow in from 
over the ocean receive copious, even excessive rainfall, while plains beyond the 
mountain ranges may be arid. Perhaps no other single factor, except that of 
the sun’s radiation, has such a determining influence on climate. Expansions 
and contractions such as these in which heat is neither added nor subtracted 
from outside are called adiabatic and play an important role m many phe¬ 
nomena in nature, in the laboratory, and in industry. In particular, it would be 
impossible to explain the more important meteorological processes without 
giving due consideration to the heating and the cooling which result from 

adiabatic compressions and expansions of large masses of air. 

21.6. Areas of High and of Low Pressure. Each day at certain specified 
times observers at stations scattered all over the North American continent 
simultaneously take readings on instruments giving the atmospheric pressure, 
temperatures, velocity of wind, cloudiness, precipitation, etc. These readings 
are telegraphed to central offices where they form the basis of the weather re¬ 
ports and forecasts which are given to the public through the radio and the 
press. The barometer readings are plotted directly on large maps, and lines 
passing through points of equal pressure are drawn. These lines are called 
isobars and are of basic significance in the interpretation and in the forecast¬ 
ing of weather. On any map thus prepared there will appear one or more groups 
of isobars of the forms shown in Fig. 21-3. The area covered by such a group 
is likely to have a diameter of from 500 to 1500 miles, although almost any 
size is possible. A group in which the isobars indicate progressively lower and 
lower pressures as one approaches the center of the area is called a LOW, 
and one in which the reverse holds is called a HIGH. Obviously there must be 
pressure gradients between the highs and lows and consequently drifts of air. 
Arrows are used on such maps to indicate wind directions. It will be observed 
that the air currents spiral inwardly in a counterclockwise sense as they ap¬ 
proach the center of a low area, in which the currents become vertical. Each 
low, therefore, is essentially a large vortex, and the air caught in the upward 
drift must suffer the same expansion and, therefore, the same cooling effect that 
it would suffer in rising to the same level in passing over a mountain range. 
Whether or not there will result any cloud formation and finally precipitation 
depends entirely on the dew point, the mass of the incoming air, and the height 
reached by the air currents before spreading out in horizontal currents again. If 
a height of several miles is reached before condensation results, the clouds are 
likely to be thin and the precipitation light, if any at all occurs. If the condensa¬ 
tion begins at a low altitude clouds become dense, precipitation is probable and 
may be heavy and, incidentally, the “ceiling” for aviators is low. 

The high areas are virtually the reverse of the low. In the central portion 
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the air currents are downward and bring the cold air of high altitudes down 
to the earth s surface. They spiral outwardly in a clockwise sense. Since, through 
compression, the air grows warmer as it descends the central areas are likely 
to be clear but still much colder than the air in the adjacent lows. There may 
be cloudiness and even precipitation in any region where this outflowing air 



(a) 


(b) 


Fig. 21-3. Typical iso])ars surroiindin" areas of (a) low and (1)) high l)aromotric i)ros- 
sure. Wind directions are indicated l)y tlie direction of arrows and precipitation by 

shaded area 


encounters and underruns a current of wanner, moisture-laden air. An area of 
low pressure is more generally known as a cyclone, and one of high pressure 
an anticyclone. 

Cyclones and anticyclones drift along mainly in an easterly direction although 
their course is influenced by topography. On the North American continent 
cyclones may start anywhere but a great many of them originate in the North¬ 
west, move southeastwanlly through Saskatchewan and the northern states, 
then swing eastward and pass out to the Atlantic ocean in the New York-Quebec 
region. However, many sweep farther south, and there is as yet no certain way 
of pre<licting far in advance what the successive paths may be, wliich is one 
of the basic limitations to long-range weatlier forecasting. Nor can one be sure 
as to their speed of motion as it may be anything from 200 to 1500 or more 
miles per day. Their accompanying weather disturbances are more violent and 
their speed higher during tlie winter seasons. The anticyclones are even less 
dependable in their iM-rformance with respect to both path and speed. Many of 
these drop low into the United States, only the southwestern portion being 

largely free of them. 

21.7. Cold Front and Warm Front. Meteorologists give some altention to 
what seems to be a more or less general principle, that whatever the weather is, 
it tends to persist. Tims we may have i)rolonged droughts, or exerr-dvely wet 
spells. Bodies of air mav lie >tagnatil in a region and ac(iuire the { haractrristics 
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of the region. Thus we have polar air masses, clear, dry and cool; tropical air 
masses, hot, murky, humid and oppressive; and similarly, continental and also 
maritime air. Regions fed from polar air masses, like the prairie provinces of 
Canada and the northwestern prairie states, are likely to have a great deal of 
clear weather; crisp, but pleasant in the winter, agreeably cool in the summer¬ 
time, but relatively dry. Those regions fed by the tropical air are likely to have 
heavy rainfall in the seasons when the drift inward is pronounced, and rather 
humid air at all times. If a polar air mass should advance southeasterly, for 
example, and meet a continental or maritime air mass fanning out north or 
northwesterly, then the latter is certain to be lifted by the heavier polar air. 
This action is likely to be accompanied by abrupt changes in pressure, pre¬ 
cipitation, and quick changes in the direction of the wind. On the weather map 
the position of such fronts may be indicated by troughs in the isobars, wind 
shifts, and lines of precipitation. Weather forecasters are now paying more and 
more attention to such fronts and somewhat less to the low- and the high- 
pressure areas as such. Actually the features of the latter can often be traced 
rather definitely to the character and the positions of these air-mass fronts. If 
the action is strong and the front reasonably straight, a characteristic, long, 
rolling cloud, often noted by even untrained observers, may develop. Whether 
or not precipitation accompanies the passage of a cold front the weather is 

likely to be clear within a day. 

The passage of a warm front is generally less spectacular and is likely to be 
marked principally by a gradual change in height and in type of the clouds 
from the high feathery cirrus clouds down through stratus types to the low- 
hanging nimbostratus or rain clouds. The beginning of the passage of a warm 
front is gradual. The return from overcast to clear skies takes place more 

quickly. . 

21.8. Dust Whirls, Thunderstorms, Their Causes and Types. During 

hot weather the effects of the differences in the absorption of the sun*s radiation 

by different areas of the surface of the earth, even closely adjacent, may initiate 

an upward movement of a column of air. This movement may gain considerable 

velocity if fed with adjacent hot air and if the rising column is not spread too 

much by lateral currents of air. As air rushes in, it follows a spiral path and may 

gain such high angular velocity that dust, leaves, grass, and other light objects 

may be lifted in a rather spectacular manner. The rising column, thereby made 

visible, may be only a few yards in diameter. These dust whirls are of interest, 

but of no importance. 

Although thunderstorms are similar to dust whirls with respect to origin, they 
are on a much larger scale and differ widely in regard to size, behavior, and 
persistence. Actually the thunderstorms have been classified into a number 
of different types depending on the conditions or factors having to do with their 
origin. Some are initiated by the upsurge of air about a mountain; some, called 
cold-front thunderstorms, owe their origin to the lifting of humid, conditionally 
unstable air by an advancing, underrunning wedge of cold air. The latter may 
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form anywhere along a cold front and are the most numerous of the various 
groups. Most of the night thunderstorms are of this type. Frequently the condi¬ 
tions are such that the ground wedge of the advancing cold front advances more 
slowly than the cold air aloft. The latter, overrunning the less dense, warm 
humid air below, produces a particularly unstable condition and soon leads to 
a convective overturning and to violent squalls along the front, marked by a 
sharp wind shift and frequently by a long, dark, roll cloud. These overrunning 
thunderstorms are likely to be more violent, but less frequent than the under- 
running storms. 

Heat-thunderstorms may occur at any place in the body of heated humid air 
where the radiation from the sun happens to be more effective than in the im¬ 
mediately surrounding region, and thereby initiates a rising column of air. 
Any precipitation releases additional heat in proportion to the condensation 
that takes place, and this leads to further expansion and, in turn, to an ex¬ 
tension of the rising column to greater heights than it would othenvise attain. 
Such storms may reach easily to heights of 3 to 5 miles. Many of the heat-type 
of thunderstorm are small, and in general they are not dangerous, even in the 
tropics where they are the prevailing type. Most thunderstorms stage a spec¬ 
tacular performance. For example, in the case of a storm moving eastward the 
cold air wedge from the west, augmented by tlie overturning cold air from 
aloft, all swinging under the warm humid air currents from the east or south¬ 
east, together produce and maintain a whirl about a more or less horizontal 
axis and account for the characteristic roll of tossing clouds one associates with 
a thunderstorm. Wherever the upward speed of the air is more than 8 m/sec, 
no water drops can fall, but the water held up in one part gets added to that in 
other parts, thereby accounting for the heavy but unsteady downpours that are 
typical of thunderstorms. Some raindrops may be carried to such heights that 
they become frozen and further cooled to such an extent that, on their down¬ 
ward whirl, water, snow, or other frozen drops may form ngid aggregates heavy 
enough to fall. These lumps of ice, called hailstones, may in violent storms 
grow to diameters of even an inch or more and may cause the destruction of 
crops, injury to animals, and great damage to buildings. 

The mechanics of thunderstorms, particular^ the continuous formation and 


breaking up of raindrops, favor the separation of electric charges, and the 
resulting potential differences may increase to such magnitudes as to cause the 
violent electric discharges between clouds or between the clouds and the earth 
which we know as lightning. The crashing sound caused by the discharge and 
its repeated reflections produce the familiar roll of thunder. 

21.9. Tornadoes, Hurricanes, Tropical Cyclones, and Typhoons. Occa¬ 
sionally a rather extended area may become excessively heated and large bodies 


of air thereby rendered unstable. The resulting upward flow of such a column of 
air draws in air from an extensive area surrounding the column. The inni^hing 


air currents, influenced by the rotation of the earth, are deflected to the right in 
the northern hemisphere (left, in the southern) and spiral inwardly as they join 
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the rising column, in a counterclockwise direction. Their speed, and the resulting 
centrifugal force, may increase to such an extent as to reduce very greatly the 
pressure in the core of the rising column. The resulting dense cloud in the core 
together with the dust and other material picked up from the surface of the 
earth give to the core a dark, ominous appearance and to the cloud as a whole 
the well-known funnel shape. The air speeds developed near and within the 
funnel are believed to be as high as two or three hundred miles per hour and 
buildings in the path of the core are completely demolished. Heavy objects may 
be lifted and carried considerable distances, and the damage will extend to 
some distance on either side of the path of the core. The width of the path 
of complete destruction is not likely to exceed about a thousand feet, but there 
are wide variations in both intensities and widths. The length of their path 
on the average is about 40 miles, although some continue for much greater 
distances. In North America these storms are known as tornadoes or “twisters." 
Storms of similar origin and of even greater magnitude and violence, which form 
in the Gulf of Mexico, are called hurricanes; those forming in the tropics 
generally are called tropical cyclones; and those in the Far East are known 
as typhoons. Such storms are invariably accompanied by torrential rains. The 
adiabatic cooling of the rising air and the consequent heavy condensation re¬ 
lease enormous quantities of heat, and this energy adds to both the violence 
and the duration of the storm. 

21.10. Health in Relation to Weather and Climate. Although there may be 
some uncertainty as to the reliability of weather forecasts based on the actions 
of animals or the feelings of persons afflicted with rheumatism or corns, one is 
forced to recognize the important bearing weather and climate have on the 
health and the comfort of the human body. In any locality the death rate falls 
and rises through the months of the year with the increase and the decrease, 
respectively, of the daily hours of sunshine. The difficulty of dissipating heat in 
humid tropical regions slows down all forms of human body activity and leaves 
the body more susceptible to infections. Even within the bounds of Canada and 
the United States the ability to survive tuberculosis or acute appendicitis, for 
example, is far greater in the north-temperate regions. Sexual fertility is highest 
in temperature environments of about 65®F and falls very low in the moist 
tropical regions. Diabetes, pernicious anemia, cancer, and many other diseases 
show pronounced dependence on climatic conditions. People living in regions 
characterized by the frequent passing of cyclones and anticyclones are more 
likely to succumb to diseases related to metabolic disturbances. Curves giving 
the variation in storminess with the months of the year run closely parallel to 
those giving deaths from heart failure, similarly plotted, and also to those 
giving incidence of rheumatic fever, to give two examples. A person with high 
blood pressure in a northern region may experience as much as a 40 per cent 
reduction in a softer climate, and those with nervous disorders may find life 
more pleasant in a region outside the pathway of cyclonic disturbances. Statis¬ 
tics showing the stature and the health of students in the various universities 
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significant correlation with climatic variations. 
Climatic Therapy merits and is receiving an increasing amount of attention. 


Problems 


1. Plot the saturated vapor pressures as ordinates against temperatures on the cen¬ 
tigrade scale, ^ing the data of Table 21-1 and selecting a scale such that the curve 
crosses most of the sheet of graph paper. 

2. Using the data of Table 21-1 and assuming a room temperature of 68°F plot 
the relative humidity as ordinates against the depression of the wet-bulb reading as 
abscissas, using care to select an appropriate scale. 

3. On a day when the temperature was 22°C, 5 cubic m of vapor-laden air were 

drawn through a vapor-absorbing tube. The weight of the latter thereby was increased 
by 60 gm. Find both the absolute and the relative humidity of the air drawn into the 
absorber, assuming that it removed all the vapor from the air. (Ans. 12 gm/m®- 62 
per cent) ' 

4. A^student found the dew point to be 50°F on a day when the room temperature 
was 68®F. Find the relative humidity of the air in the room. Also, using your result 
and Table 21-2, find the reading that a wet-bulb thermometer would give. 

5. Meteorologists frequently make use of “mixing ratio” in preference to absolute 
humidity. It is defined as the mass of water vapor per unit mass of dry air. Taking 
the density of water vapor as 0.622 and that of dry air at the same temperature and 
pressure as 1, show that the mixing ratio, m, is given by the ratio: m = 0.622e/(F — e), 
where c is the vapor pressure and P the atmo.'^pheric pressure. 

6. The atmospheric pressures at altitudes of 10,000, 20,000, and 30,000 ft are, re¬ 
spectively, 522, 350, and 225 mm. Find the approximate boiling points of water at 
these levels, using Table 21-1. 

7. Find the weight of water vapor in a room 4 X 5 X 3 m on a day when the room 

temperature is 68°F and the relative humidity is 40 per cent. What weight of water 
would be required to increase the relative humidity to 60 per cent? 207.6 gm) 

8. On a day when it is snowing outdoors, air at 14®F is admitted to the room of 
Problem 7. Assuming the temperature i.s maintained at 6S®F, what would be the rela¬ 
tive humidity if no water vapor were added to the air? How much water would have 
to be added for each replacement of the air to bring the relative humidity to 50 per 

cent? 


9. Making use of the relation developed in Problem 5, compute the mixing ratio of 
(a) air saturated with water vapor at 0®C, b) air at room temperature, 20®C having 
a relative humidity of 0.60, and (c) satviratod air at the temperature of the lungs, 37‘’C. 
In each case a.s.sume an atmospheric j)ressure of 760 mm of mercury. {Ans. 0.00377; 
0.0087; and 0.0413) 

10. If four parts of air having a mixing ratio of 0.005 were combined with one part 
of air having a mixing ratio of O.OI, what would be the mixing ratio of the com))ina- 
tion? Assuming an atmos[>iieric pressure of 740 mm of mercury, what would be the 
vapor pres.sure of this mixture? 

11. A certain “bachelor apartment” has a 2,4 m ceiling and a floor 5x8 rn. The out¬ 
side air is at a temperature of 11®F and ha.s a relative humidity of O.SO. How nnuh 
water must be added to each reiilacetnent of air if the air in the apartment is kept 
at 68°F and at a relative humidity of 0.40? (Atis. 0.5 Kg) 

12. On a day when the temperature w.is tjS°F and the relative huiniilify t) 30, in the 
laboratory, a student determined the dew-point by dropj)ing ice into a l■olU'(•^t rated 
salt solution until a condensation appeared on the polished surface of the ni'*tal con¬ 
tainer. At what temperature would you e.\'i)ect it to be observed? Would it be fro-st or 
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dew? From your tables find the temperature a wet-bulb thermometer would have 

13 Examine the construction and by means of a diagram explain the principle of 
some type of commercially available humidifier. Give your appraisal of the equipment 
from the standpoint of physical principles. Do you believe the device offers a practical 
solution to the problem of maintaining the proper relative humidity? Explain your 

answer. 
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The Transference of Heat 


The preceding chapter presented many illustrations of the importance of the 
part played by heat energy in matters pertaining to weather and to climate. 
It is generally realized that our health and our comfort depend much on the 
availability of an adequate heat supply and on its proper regulation. Some 
parts of the earth are uninhabitable because of the lack of sufficient heat energy 
for a normal existence, while other portions are equally intolerable because of 
excessively high temperatures. But even in the well-settled parts of the earth 
there are wide variations in the acceptability of heat conditions, and man can 
do nothing about it except on an indoor scale. Either directly or indirectly the 
sun supplies heat enough, yet not too much, to make life possible on earth, 
although it is millions of miles away in vacuous space. It radiates into space 
electromagnetic waves in a wide range of wave lengths of which the earth 
intercepts and absorbs a very minute fraction, yet sufficient for its needs. I pon 
absorption the energy of these waves reappears as heat energy, whatever their 
length. This mode of heat transference is known as radiation and does not in 
any way require the presence of matter. It has been shown that the heating 
of any body of air causes an expansion and thert'by reduces its density. Ln- 
cqual heating of dift'erent portions of the atmosphere gives rise to large-scale 
movements of heated air bodies. Like efTects are seen in the ocean currents. 
The transference of heat through the movement oi heated fluids is called 
convection. During the summer months the surlac(‘ of the grouiul tran>fers 
the heat it receives from the sun to deei)er layers by conduction, a process in 
which heat energy is transferred from moh'cule to molecule through the sharing 
of energy during their collisions witli one another, 'riic.-^e tlirce modes of heat 
transference—ratliation, convection, and conduction are the only modes and 
are as important to the indivhlual as they arc in nature generally. For con¬ 
venience they will be treated in tb(‘ reverse order. 

22.1. Conduction. If on a very hot summer day one were to touch an iron 
rod and a piece of wood, each lying in the sun, he would conclude that the iron 
was much hotter than the wood, but if a similar comparison were made mi :i 
very cold day the reverse conclusion would i.e drawn. Neither conclusion would 
be correct because, in each case, the temperatures of the wood and of the iron 
would be substantiallv the same. In th*' first ease the iron mereiv emiduct<'d 
lieat to the hand faster than did the wood and therefore felt hott- r m the 
second case it conducted the heat :iwav more ra[)idly and hence seemed cohler. 
All substances conduct heat since all have molecules which arc in motion mid 

IS.f 
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therefore automatically pass on any heat energy received from molecule to mol¬ 
ecule. lint the facility to conduct heat varies widely among substances. In gen¬ 
eral, gases are extremely poor conductors, and nonmctallic liquids, while better 
than gases, arc still very poor as conductors. jMetals as a class are good conduc¬ 
tors, compared to gases or lifiuids, yet dilter witlely among themscKes, appar¬ 
ently dei>ending on the freedom of motion possessed by the electrons within the 
metals. The low thermal conductivities of wood, glass, rubber, wool, etc., may 
in part be explained on the same basis, for these substances are poor conduc¬ 
tors of electricity also. 

22.2. The Measurement of Conductivity. In many cases the usefulness of 
a material depends on its thermal conductivity, and in all cases the matter of 
the conductivity of a substance is of scientific interest. lor quantitative studies 
it is necessary that a unit of conductivity or at least some basis for making nu¬ 
merical comparisons of conductivities be adopted, and that it should be simply 
related to other units. It is known that the net flow of heat from points at one 
temperature is to only points at a lower temperature and the rate of flow is 
found to l)e i>roportional to the difference in temperature. Experimental stud¬ 
ies show that the flow varies directly with the cross-section of the body along 
which the flow takes place and the time during which the flow continues, but 
inversely as tlie length of the path along which the heat is conducted. All these 
expectations have l)cen realized experimentally for every eonductor tested; but 
the amount of heat conducted is found to depend critically on tlic materia! and 
the condition of the conductor itself. These facts may be expressed more con¬ 
veniently by tlie relation: 

// = AMffo - t^)T/d 

wliere .1 is the cross-section of tlie conductor and. in laborator>' work, is meas- 
\ired in stiuare centimeters; t.. and t^ are temiieratures on the centigraflc scale; 
T. the time in seconds; d, the length of the patli !)etwcen points liaving tempera¬ 
tures and and II is the heat conducted in calories. Mathematically K is 
the factor of i)ropurtionality and as such takes care of tlie variation in the con¬ 
ductivities among ditYerent substances. It is called the coefficient of thermal 
conductivity. As may l)e seen from the equation it is actually the beat in 
calories conducted through a 1-cni ctihe per second when tlie temperature dif¬ 
ference between two oiiiiosing faces is 1°C. A type of api>aratus widely used in 
laboratory measurements of thermal conductivity is shown diagrammatically 
in Fig. 22-1. Siqipose tiiat the conductivity of an aluminum bar, MN, is to be 
determined. Let the end. .V. he lieated by a flow of steam from a boiler and 
absorb tlie heat conducted along the rod by means of a stream of water at N, 
as indicated. The heat conducted between any two points along this uniform 
rod is proportional to the value of it.. - t^)/d. called the temperature gradient, 
and if the bar is wtdl insulated it will he tlie same for any portion of the bar. 
To avoid end efTects tlie middle portion is chosen, and the necessary thermom¬ 
eters are inserted as indicated, d centimeters apart. To get the value of H one 
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nieasuies the mass of water, m, which passes through in time T, and observes 
the lise in temperature (t^ — ^ 3 ) due to the heat received. A can be calculated 
by finding the diameter of the rod. Substituting in the above equation one has: 

=KA{L-t,)T/d 

Since K is the only unknown quantity in the equation its value can be found 
directly by solving the equation. It is important to have the rod, particularly 
the N end, well insulated, as otherwise the heat acquired by the water would be 
less than that passing the section under test. If the rod itself were a very poor 
conductor an appreciable portion of the heat would flow out through the in- 



Fig. 22-1. Apparatus for determining the conductivity of a metal rod. Heat delivered 

l)V the steam at M is removed at .W bv a stream of water 

sulation. For this reason the method is unsuited for measuring the thermal con¬ 
ductivity of a poor conductor or insulator. For such materials A must be made 
very large, and d small; hence the aiiparatus must be designed to accommodate 
sheets of the material to be tested, for which d is merely the thickness. The con¬ 
ductivity of a substance depentls on its temperature and on certain other prop¬ 
erties. The conductivities of a number of wi<lcly used substances are given in 
Table 22-1. The values given may be considered reliai)lc for normal room tem¬ 
peratures. The table shows clearly wide variations not only among the relatively 
good conductors but also among those classified as poor thermal conductors. 
It is interesting to note that silver is nearly six times as good a conductor as 
platinum, and copper is eight times as efficient as steel. Among the gases it is 
found that the lighter gases are the better conductors, which is to be exi)ected 
since their molecular s])eeds vary inversely as the square root of the molecular 
weights. In any event liquids and gases transfer heat mainly by convection. 
22,3. Practical Aspects of Heat Conductivity. There are many illustration,- 
of the practical importance of considering the thermal conductivity of the ma¬ 
terial being used. Wherever the rapid transference of heat is desiral>h', metals 
of high conductivity are (‘iniiloyed. Thus, aluminum and coi)iier are used in 
cooking utensils, sterilizers, and the like. A tiiick aluminum cast kettle offers 
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Table 22-1. Thermal Conductivity of Various Substances 



Good Conductors 


Aluminum.... 

Brass. 

Copper. 

German Silver 

Graphite. 

Iron, Pure.... 

Lead. 

Mercury. 

Nickel. 

Platinum. 

Silver. 

Steel. 

Tungsten. 


0.504 

0.26 

0.918 

0.070 

0.012 

0.161 

0.083 

0.0197 

0.142 

0.166 

0.974 

0.115 

0.476 


Poor Conductors 


Air. 

Alcohol, Ethyl.... 
Asbestos Paper.... 

Concrete. 

Glass and Porcelain 

Hydrogen. 

Ice. 

Marble. 

Paper. 

Rubber. 

Sand, Dry. 

Water. 

Wood, Pine. 


0.0000568 

0.000423 

0.0006 

0.0022 

0.0025 

0.000327 

0.005 

0.007 

0.0003 

0.00045 

0.00093 

0.0013 

0.0004 


an even heating to its contents since the thickness of the walls and their high 
conductivity make it possible for the heat to spread out and thereby raise its 
entire inner surface to a suitable temperature, in contrast with the hot spots 
over the burner which can cause overheating or scorching of foods in iron kettles. 
Copper tubing is increasingly being substituted for iron pipes in steam and in 
hot-water heating systems. Modern x-ray tubes have tungsten targets rather 
than platinum, and have them backed by copper castings in order to take lull 
advantage of the higher conductivities of these metals and thereby to increase 
their capacity. Certain x-ray anodes, steam radiators, and air-cooled engines 
make use of copper fins to facilitate the dissipation of heat. Metal gauze is used 
to enclose lamps burning in mines or in factories where the air has some prob¬ 
ability of becoming explosive. By conductivity the gauze drops the tempera¬ 
ture of the gases passing through to a point below their ignition temperature. 

There are equally as many cases in which preference is given to a substance ot 
poor thermal conductivity. Actually such materials are called insulators in case 
their conductivity is very low, since they are valued chiefly for their use in heat 
insulation. The handles of cooking utensils, of many instruments, the materials 
used in the construction of homes, hospitals, and buildings generally, clothing, 
etc., should be made of insulating materials. Building materials in many cases 
are given artificially a fibrous or cellular texture in order to provide pockets 
for air. This greatly increases the utility of the material as an insulator. The 
fact that water reaches its greatest density at 4°C means that as water bodies 
cool below this temperature the surface water remains on top. In the absence 
of any convection currents, any heat lost from the water below must escape 
mainly by conduction, which is a very slow process. This is a fortunate circum¬ 
stance as it reduces the likelihood of water bodies freezing solid in cold climates 

where the winters are long and severe. 
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CONVECTION—AimCATIONS AND ILLUSTRATIONS 

The low conductivity of water may be demonstrated by the arrangement 
shown in I* ig. 22-2. The test tube contains pieces of ice held at the bottom with 
a spring, and sufficient water to fill the tube nearly to the top. By applying heat 
to only the upper portion, it will be found possible to boil the water in the top 


Fig. 22-2. Demonstration of the poor conductivity of water. It 
may be boiled at the top without melting the ice at the bottom 

of the tube 





portion without melting the ice at the bottom. But if the heat is applied at the 
bottom, convection comes into play and the entire quantity must be brought to 
the boiling point before any boiling takes place. If one were to try the first 
experiment with mercury substituted for water as the liquid he soon would find 
the tube too hot to hold, even though only conduction is involved. The reason 
for the difference is obvious from Table 22-1, which shows mercury to have a 
coefficient of thermal conductivity fifteen times tliat of water. 

22.4. Convection—Applications and Illustrations. The nature of convec¬ 
tion may be demonstrated easily by means of the apparatus shown in Fig. 22-3. 

If a few crystals of potassium permanganate are 
dropped into the right branch of the tube and the 
heat applied as shown, the resulting colored water 
will be observed to rise in that branch, flow across 
the top, and in due time make the complete circuit. 
The heated right column is made less dense as a re¬ 
sult oi the expansion of the liquid, hence is pushed 
up by the denser column on the left. Soon the water 
will be uniformly colored. This simple demonstration 
apparatus supplies a close analogy to the action cf 
hot-air and hot-water heating systems in homes. The 
heater fluid, wlietlier air or water, is heated in the 
basement from wiiicli it rises by convection to the 
rooms to be warmed. As this fluid loses its heat it 
becomes more dense and returns by a jiarallel conduit 
to the heater, at the same time pushing up other 
heated fluid. The efficiency of the system depends 
much on the raj)idity of circulation and is generally 
much lower than need be owing to improper placement and forms of the conduits 
used. For rapid circulation there should be the fewest possii)le hindrances to 
stream-line flow, such as, for example, sharp, right-angle turns, edges of metal 
protruding into the stream, abrupt variations in cross-sections, longer tiian re- 



Fig. 22-3. Convection cur¬ 
rents can be e.^^tablishcil 
by heating a portion of a 
body of liquid 
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quircd paths, conduits '^s'hich are too small, etc. A right-angle turn can be ob¬ 
tained through two 45-degree turns with much less resistance to flow. In many 
hot air systems the cold air returns are not properly completed, hence the hot-air 
loses the push a confined cold column could give. Poor construction of chimney 
is also a common cause of inefficiency. The channel to and up through the chim¬ 
ney may be so distorted as to make stream-line flow impossible, and many 
chimneys are built on the cold outer wall of the house, hence work at low effi¬ 
ciency and handicap the heater itself. iModern heating systems are likely to de¬ 
pend on fans or pumps to secure the rapid circulation of the heater fluid required 
for high efficiency and more satisfactory results, rather than on the weak driving 
pressures associated with convection currents as in the older systems. 

It may be quite as important to suppress convection in the walls of our homes 
as to favor it in the heating plant, since any reduction in heat losses lightens 
the load on the heating plant and makes possible also a better distribution of 
the heat within the home. Whatever the type of construction the walls are likely 
to enclose one or more air pockets or spaces between the inside and outside sur¬ 
faces. Air transports heat readily by convection; hence if the studding space in 
a frame building is left unobstructed the air rises along the inner shell of the 
wall and acquires its heat and then settles along the cold outer wall and loses 
it. To suppress tlicse convection currents modern builders generally fill these 
spaces with shavings, mineral or glass wool, with slabs of loose-textured fibrous 
material, or with anything that provides myriads of air pockets too small to 
permit the circulation of the air. Thus confined the air serves as our best pos¬ 
sible insulator. For like reasons concrete basement walls arc often cast with 
their interior portion in cellular form. Also, storm windows or doubly glazed 
windows may be provided to reduce the heat losses by convection through the 
windows and at the same time to serve as insulators. Winds themselves are con¬ 
vection currents and, if allowed to cause a drift of air through the house, may 
cause great and generally unsuspected heat losses even in the case of insulated 
houses. It is essential, therefore, that the outside walls be provided with a bar¬ 
rier against filtration by cither air or water vapor. In a very similar way our 
loose-textured clothing and the use of multiple layers provides protection 
against the loss of body heat through convection currents. 

The great ocean currents and the great wind systems of the earth—in fact, 
winds in general—are but examples of convection currents on a grand scale. 
They largely determine the climates of the regions, even of whole continents 
which they strike. In the equatorial belt where tlic sun’s radiation is normal to 
the surface and therefore more effective, great masses of air and of water arc 
heated to temperatures far higher than arc reached in the polar regions, and 
their densities are correspondingly reduced. The effect of this in the oceans is 
seen in the development of such great ocean currents as the Gulf Stream and the 
Japan Current, which transport warm water from the equatorial regions toward 
the poles. The air in the torrid zone is pushed up and replaced by the denser 
polar air blowing southward in the northern hemisphere and northward in the 
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southein hemisphere. In each case these currents are deflected to the west as 
a lesult of the rotation of the earth. They give rise to the northeast “trade 
winds” in the nortiiern hemisphere and to the southeast “trade winds” in the 
southein hemisphere. Air currents from tlic equatorial regions, in turn, move 
aloft toward the poles and likewise are deflected to the right in the northern 
and to the left in the southern hemisphere, due to the rotation of the earth. They 
finally settle in part in the “horse latitudes,” and in the polar regions they form 
circumpolar whirls. In each hemisphere these give rise to the “prevailing west¬ 
erlies,” which so largely determine the climates in the more inhabitable parts 

of the earth. The important part played by convection generally must be ap¬ 
parent. 

22.5. Radiation. Attention has been called to the transfer of heat energy 
fioni the sun to the earth by radiation. bile the nature of electromagnetic 
radiations can hardly be explained in full, such radiations have been classified 
on the basis of their wave lengths. In the order of increasing wave lengths they 
include the gamma radiations arising in cosmic space as well as in nuclear 
transformations, x-rays, ultraviolet rays, visible light, infrared or “heat” rays, 
and the whole range of waves employed in the fields of radio, television, radar, 
etc. Of all these radiations only those in the infrared or heat-wave region are of 
especial imiiortance insofar as the transference of heat is concerned, either with 
respect to the sun’s radiation or to the familiar radiation from a fireplace or a 
lamp, or even a hot stove. Actually heat waves were misnamed; they are not 


heat energy until absorbed, ami all the other types of rays are just as completely 
converted into heat energy upon absorption. The same general laws of ratliation 
pertaining to propagation, reflection, refrac¬ 
tion, absorption, and emission, more com¬ 
monly associated with light rays, apply 
equally well to heat rays. The tree or Imild- 
ing that provides shade from the sunlight at 
the same time intercepts also the heat rays 
from the sun. The rectilinear propagation of 
heat waves can be shown in the laboratory 
by various methods, one of the simplest being 
that indicated by Fig. 22^. In this A repre¬ 
sents a high-wattage lamp of the spotlight type provided with means for vary¬ 
ing the current, is a detector consisting of a parabolic reflector and the de¬ 
tecting unit which conveniently may be a thermophile-galvanometer combina¬ 
tion, and M is a highly polished plane metal sheet. By a suitable adjustment of 
the positions of A, M, and B it will be possible to discover an arrangement which 
causes D to indicate tlie maximum effect. It will be observed that the normal 
to M falls midway between its incident and reflected beams. The oi)tinHi!n ar¬ 
rangement is exactly the same whether the lamp is burning brightly or wlicther 
the current is cut down until the lamp ceases to give out visilile radiation. A 



Fig. 22-4. Schematic method of 
demonstrating the reflection and 
refraction of heat radiation 


metal sheet introduced at S will be found to cut off the effect on 1). If a thin 
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prism transparent to heat waves is inserted at 5, it will be found necessary to 
alter the position of B or else the angle of M to secure again the maximum 
effect. These simple experiments show that heat waves have at least some of 
the properties of light waves and support the view that they are essentially the 
same in nature. With a sufficiently sensitive detector it would be possible to 
show that different metals used at M would reflect to different degrees of per¬ 
fection, screens of different substances at S would transmit differently, and that 
different kinds of prisms would refract quite unequally. 

22.6. Law of Heat Exchanges. If a number of objects varying in material, 
form, and temperature were introduced into a vacuum chamber but suspended 
free from its walls, they all would come to the same temperature within a 
short time; in fact, the adjustment would be instantaneous except for the 
heat capacity of the objects. The colder, poorer radiators radiate less heat 
than the others, and less than they themselves receive. As a result their tem¬ 
peratures rise and the temperatures of the remaining objects fall until all are 
at the same level. This general truth is known as Prevost’s Law of Exchanges. 
Since the temperatures remain alike thereafter, it means that those which are 
good radiators must be also good absorbers. This principle is known as 
Kirchhoff’s law. Any isolated body remaining at a constant temperature must 
receive and radiate at the same rate, whatever that temperature. If the experi¬ 
ment just described were performed with objects all far below zero, even if 
among the objects were included lumps of ice, the principle would still hold; 
because ice, like other substances, must radiate at a rate determined by its 
temperature. A person glancing through a peephole into a red-hot furnace is 
unable to see the different objects as such or to differentiate between them 
if the walls are at the same temperature. There is only a uniform glow. The 
fraction of the incident radiation which is reflected from a surface is known as 
its coefficient of reflectivity and may vary from, say, 0.975 for magnesium 
carbonate to zero for a perfectly black body, which by definition is one which 
reflects none but absorbs all incident radiation. The capacity of a surface to 
rafliate—that is, the emissivity—increases in the reverse order, with black 
standing at the top as the perfect radiator, and sucii surfaces as polished silver 
standing low, all in agreement with Kirchhoff’s law. 

22,7. Some Other Laws of Radiation. The intensity of radiation may be 
measured by the heat received, or emitted, as the case may be, per square centi¬ 
meter per second. It has been found and tlieoretically explained that the heat 
radiated by a perfectly black surface is given by the relation: I = <tT^, where 
7' is the absolute temperature of the emitting surface, I is the heat radiated in 
calorics per second per square centimeter, and a fsigma) is a constant having 
the numerical value of 1.36 X cal/cmVsec/deg-*. For non-black bodies a 

has a smaller value and may vary somewhat with the temperature of the body. 
This relation is generally called the Stefan law in honor of the Austrian phys¬ 
icist, Joseph Stefan (1835-93), who first announced the law. While this law is 
valid for only black (perfect) radiators, its usefulness can be extended also to 
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imperfect radiators through the use of correction factors. Since any radiating 
hotly is also receiving radiations from other bodies the net loss of heat by a 
radiating body is given by the relation: / = where is the abso¬ 

lute temperature of the hot body and the temperature of its surroundings. 
With white-hot bodies the value of T'j'* is negligible, generally. 

By factoring: 

I = aCTo - T,) -h 

When the two temperatures are nearly the same the second factor may be 
taken as a constant, in which case the relation may be simplified to 

I = K{T,-T,) 

where K is a new constant. This is the algebraic statement of Newton’s law of 
cooling, announced by Newton in 1701, which states that for bodies having 
nearly the same temperature the heat ex¬ 
change is proportional to the difference be¬ 
tween their temperatures. While the first 
law must be used in dealing with very hot 
bodies the Newton law is the one regularly 
employed in the laboratory in dealing with 
bodies which are nearly at room tempera¬ 
ture, for example in making corrections for 
cooling in laboratory experiments. 

Tlie familiar “inverse square law” so 
widely applicable in different fields of 
physics may be derived by considering two 
spherical surfaces surrounding a hot body 
radiating E units of heat energy per second. By reference to Fig. 22-5 it will be 
made clear that the same energy passes through each of the two surfaces per 
second, from which it follows tliat: 



Fig. 22-5. The .^ame heat pa.<ses 
tlirongh each of the spherical sur¬ 
faces. Tile intensity varies inversely 
as the square of the radius 


and by simplification: 


E = 

/1//2 = 


7 represents the heat received per square centimeter per second. Stated in 
words: The intensity of the radiation from a radiating body varies inversely 
as the square of the distance from the body. 

At the beginning of this chajiter it was suggested that the so-called heat ra¬ 
diation is made up of electromagnetic waves emitted by the radiator. In vacuous 
space the speed of propagation of all such waves is the same, and it is generally 
referred to as the speed of light, c. From the general relation between velocity, 
frequency, and wave length, it follows that c = where v is the fii'Cjuency and 
A is the wave length of the radiation. If by means of a suitable in.^trument the 
radiations from any body be separated according to their wave lengths and 
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spread out into a ‘^spectrum” and the intensity in the various parts measured, 
a distribution curve having the nature of those given in Fig. 22-6 may be ob¬ 
tained. It will be observed that the intensity of radiation for each wave length 
increases with the increasing temperature of the radiator and, more important 
still, that the maxima of the curves shift toward shorter wave lengths for in¬ 
creasing temperatures. The German physicist, William Wien (1864^1928), dis¬ 
covered that the product of the wave 
length of maximum intensity 
absolute temperature, T, is a constant 
which has the numerical value of 0.2897 
where is expressed in centimeters. 

This relation, = 0.2897, known as 

Wien’s Displacement Law, can be used 
in the estimation of temperatures either 
of distant or of near bodies whose dis¬ 
tribution curves are obtainable. 

It is interesting to note that blacksmiths 
and operators of furnaces develop un¬ 
canny skill in the judging of temperatures 
by color quality. Indeed they are likely 
to specify temperatures by such names as 
“red,” “cherry-red,” “straw,” “yellow,” 

‘ white-hot.” etc. The names themselves suggest that the region of maximum 
intensity shifts farther and farther into the visible region as the temperature 
rises, since color is related to the wave length of maximum intensity. 

22.8. The Quantum Theory. For many years scientists made attempts to 
account theoretically for the form of the curves shown in Fig. 22-6 on the basis 
of the simple wave theory, but without success. It remained for Max Planck, a 
German physicist, in 1899, to develop at first empirically but later on a theo¬ 
retical basis an equation which accurately supports experimental results 
throughout the range of wave lengths. His ultimate success grew out of the 
assumption that emission takes place discontiniiously, that radiation is sent 
out in bundles or “quanta” of which each quantum has an energy of E ergs 
e(iual to }iv, where v is the frequency of the radiation, and h is the now well- 
known Planck’s constant. It has the value of 6.624 X 10'““ erg second. It 
should be mentioned at this point that the outstanding success of Planck’s 
theory with rcs])ect to the.«e distribution curves led to its application to many 
other fields, both theoretical and experimental, where even more striking suc- 
ce.sses have been attained. In many cases the applications are related to the 
particle-like behavior of the propagated quanta. As particles they are more 
generally referred to as photons. The quantum of energy associated with an 
x-ray photon may easily be a hundred thousand times as large as a typical 
fiuantuin of energy in the infrared region of the spectrum. Planck’s basic theory 
has 1 - 0(11 universally acccjited and his constant is now considered a basic con- 
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Fig. 22-6. Variation in intensity of 
radiation from a black body with 
wave length for four different tem- 
{leratures. Note the relative narrow¬ 
ness of the visilile region 
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stant of nature. We look upon radiation as granular even though we do not 
pretend to know nnicli about the “grains.” 

22 . 9 . Applications of Heat Radiation. In Chapter 16 there is given a brief 
description of radiation and of optical pyrometers as temperature measuring 
instruments. In the present chapter it is explained that the laws of radiation 
apply to only black bodies or to enclosures and in the next it is pointed out 
Hat for the range of wave lengths emitted by the human body the body lias 
been found to emit as an almost perfectly “black” body whatever the color 
of the skin may appear to be in visible light. This makes it possible to use ra¬ 
diation pyrometers in the determination of skin temperatures on the basis of 
Stefan s law, and to measure the heat radiated per unit area from the various 
areas of the human body. To illustrate: If the heat radiated from the brow 
be taken as 100 per cent, then the percentages for certain other areas are as 
follows: the hair 24, the neck 90, the outer surface of the forearm 28, the back 
of the hand 22, the palm 64, and the outer and the inner surfaces of the thigh 
62 and 83 per cent, respectively. It will be shown in Chapter 23 that a conside°- 
able part of the heat given out by the body is lost through radiation. Readings 
of skin temperatures by thermometers or by thermocouples may be misleadin-^ 
since their contacts with the skin alter conditions. The determination of skin 

temperatures is of value not only in research work but also in the diagnosis 
of certain diseases. 

The cooling of a “thermos” or vacuum bottle offers a simple but striking illus¬ 
tration of the action of each of the three modes of heat transference. Fig. 



Fig. 22-i. (a) Vacuum flask, (b) Coolins curves under various conditions 


22-7{a) shows a cross-section of a typical vacuum flask. Tiie space between the 
two walls is well exliausted so that convection currents are eliminated. Tlie 
silvering of the inner surface of the outer shell and the outer surface of the inner 
shell turns back any radiant energy from the contents as well as anv that might 
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enter from the outside. Heat loss or gain can take place by conduction only 
along the neck of the bottle, and this would be exceedingly small since glass is a 
poor conductor. Fig. 22-7(b) illustrates the rate of fall of temperatures under 
the various conditions indicated. 

The bottoms of cooking utensils are likely to be dark and rough to facilitate 
the absorption of radiation from the burner of the stove, but bright on the upper 
surfaces to reduce their loss of heat by radiation. There is a widespread and 
very foolish practice of painting the surfaces of hot water or of steam radiators 
with bright bronze or aluminum paint. Such highly reflecting surfaces must be 
correspondingly poor radiators, hence their bright coatings in part defeat the 
very purpose for which they are installed. A dull paint is greatly to be preferred. 

The development of the modern incandescent lamp furnishes an interesting 
application of the principles of heat transference to a particular problem. The 
first of such lamps employed carbon filaments which could be run at barely 
“yellow” temperature without the sublimation of the filament. Since the radia¬ 
tion intensity of the filament varies with the fourth power of the temperature, 
a search for a more suitable material was made. Tantalum and then tungsten 
were selected and operated at a temperature sufficiently high to secure about 
three times the efficiency of the carl)on lamp. Again the limiting factor was the 
evaporation of the filament. It was obvious that the filament could be operated 
at a higher temperature if the pressure in the lamp could be built up enough 
to hinder the evaporation of the tungsten just as air impedes the evaporation 
of vapor from a wet surface, but the presence of a gas would entail a heat loss 
bv convection. It was found that by winding the filament into close compact 

V 

coils that the heat loss from convection could be minimized, and the efficiency 
of the lamp doubled through filling the lamps with an inert gas and operating 
them at a temperature higher than would be possible otherwise. In the case of 
many special lamps the present practice is to operate them at higher than the 
normal temperature for gas-filled lamps as it is found that the extra efficiency 
gained more than offsets the cost of more frequent replacements. 

In the spring and in the fall the rapid cooling by radiation of grass, leaves, 
etc., may cause frost to form on them. The danger is greater on a cool, clear 
night than on a cloudy night. Clouds intercept the radiation and return much 
of it to the ground. A strong convection current also offers some protection since 
it mixes the air and neutralizes local cooling by radiation. 


Problems 

1. Compare the heat conducted by a plate of glass 3 mm thick with that conducted 
bv a .sheet of silver 1.2 mm thick, assuming all other factors are the same. {Ans. Ratio: 

I'to 974) , 

2. A vessel 20 cm wide and 8 cm deep is divided into two chambers by a plane metal 

partition 8 mm thick. One side is kept at 100°C while the other is kept at a mean tem- 
Ijcrature of 25°C by a stream of water which rises 1G®C while passing through. Assum¬ 
ing loO gm of water passes through per second, find the coefficient of thermal conduc¬ 
tivity of the metal of the partition. 
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Tf kettle has an area of 400 em= and a thickness of 0.5 cm. 

If he heater plate has an eflcctive temperature of 145°C, how much water will be 

bo ed away at 100»C in 10 nun after the boiling point ha; been reaehedfl i a d 
radiation and other heat losses. (.4«s. G440 gm) 

4. Ihc cncetive length of a copper steam jiipe in a water bath is 30 cm, its diameter 
. - mm, and Its wall thickness is 2 mm. How many grams of steam at 100°C will 
condense m this tube in one minute if the mean temperature of the bath is kept at 

_ 5. On a day when the outside temperature is -20°C how miieli does the thickness of 

ice on a pond increase per mimite if it is already 3 cm thick? Disregard the change 

m density which aecoiniiames freezing. Explain why your calculated rate is higher than 
is likely to be realized, (.las. 0.025 cm) 

‘''™ '“"s 6 cm in diameter when one is at 

'>'ir,l at 527»C, when they are suspeiuled in a room 
at 1< C. AssJume that Stefans law holds. 

7. Using the (hita given in rrohlom G, compare their rates on the basis of Newton’s 
law ot cooling. Observe that the discrepancies between the results of Problem 6 and 
1 roblem / rise rapidly with the tem])erature. (.-l/is. 1 to 11 to 51) 

^ S. Assume an iron ball is a black bo.Iy and that its diameter is fi cm, its density 
IS /.4 gm cm and its s]>ecific heat is 0.15. ITow fast will its temperature fall initially 
if hung in a room at 27®C, a.'^suming its initial temperature is 527®C'^ 

9. If a calorimeter cools from 30® to 29.4®C in one minute, how long will if take 

to cool from 25.5® to 24.5®C, assuming a room temperature of 21®C aiul tliat Newton’s 
law holds? {Ans. 3.G2 min) 

10. Plot a curve giving the wave lengths at which the maximum energv is radiated 
for radiator tem]>eratures of from 1000° to 4000® Alx^ohite. At what temperature, ap¬ 
proximately, does the maximum enter the visible range, assumed to begin at 0.75 
micron’’ Assume that Wien’s Displacement Law holds. 

11. A cert.(in ojitic.al filter transmits a baiul of radiation in the region in which the 
wave length is ap]>roximafely 0.G5 micron (abbreviated fi, 1^ = 10"® m or lO^^cm). At 
wiiat temiierature should the filament of a lamp be ojierate.l in order to bring the 
maximum of the energy-distribution curve to tins wave-length region? What tempera¬ 
ture would make = 0.55 fi? (Ahs. 41S0®C; 4900®C) 

12. Flat plates of aluminum, brass, iron, and lead are stacked in close contact. The 
thicknesses are chosen so that the temperature drop in anv plate is the same as that in 
any other. If the thickness of the lead plate is 1 mm, what is the thickne.ss of each of 
the others? (Hint; develop a simple relation between conductivity and thickness 
applicable to this case, using the general relation for conductivity.) 

13. Make a sketch showing the construction of a small portion of the railiator of a 
car. Show how the design favors the utilization of each of the methoils of heat trans¬ 
ference. 

14. A common method of measuring the conductivity of a poor conductor is to 
mount a .‘^heet of the material of known thickne.'S and area between surfaces in inti¬ 
mate contact with the sami)!e and maintaineil at known constant temperatures. Su[)- 
pose tiiat a sheet of asbestos i>aper 2 mm thick is jilaced between ;i steam-h(‘ated plate 
at 100 C and a doublc-w.alled jilafe kept at 20® by a stre.am of w.ater entering at Pi,5° 
and leaving at 23.5°C. If the effective area is 400 enr and S25 gm of water How through 
per minute, what is the conductivity of the asbestos paper? 




Physical Factors Affecting Body 
Temperature and Comfort 


The life processes of the human body are highly complicated and require for 
a satisfactory operation that the body temperature shall be maintained within 
relatively narrow limits. The same can be said also of many of the higher 
animals, but the optimum temperature is not the same for all mammals. For 
man the body temperature is normally 37°C t98.6°F). At any temperature 
much below this the balance is upset due to some essential process being re¬ 
tarded, probably more than some other, and life cannot continue long. Likewise, 
when the body is invaded by infectious agents its temperature control is upset. 
The subsequent rise in body temperature accelerates the rate of reaction of 
body processes so that the temperature rises still further, finally reaching such 
abnormal heights that again life is endangered. The rate of most biological re¬ 


actions is actually doubled in their speed by a rise of only 10°C. Any departure 
from the normal temperature range is so important and also so significant to 
the physician in making a diagnosis that his first observation is likely to be 
that of the body temperature. He is not satisfied to place his hand on the fore¬ 
head of his patient and judge his temperature, as his grandmother might have 
done, but inserts a thermometer into a body cavity and reads the temperature 
to a fraction of a degree. That the body normally remains within a degree of 


37T' while outside temperatures may vary from —50 to +50°C is almost be- 
vond understanding. Certainly no physical thermostatic controls have proved 


to be either so reliable, or as automatic. To maintain such a constant tempera¬ 
ture. nature utilizes physical, chemical, and what may be termed physiological 
agencies, or combinations of them depending somewhat on the temperature of 
the environment. The physical factors are of primary importance in certain 
ranges, and play some part in all. 

23.1. The General Problem of Heat Production and Elimination. Since 


the body must adapt itself to temperatures which are below its normal tempera¬ 
ture as well as to temperatures above it the body must be able to produce heat, 
which it does by the combustion of foods, or to eliminate heat, which it may do 
in a variety of ways. Along with the development of civilization man has 
learned many ways of making temperature control easier for the body, through 
clothing and shelter which are adjustable to environmental temperatures. A 
greatly lengthened span of life is in paiT due to these adjustments. However, 
the lower animals must depend on natural modes of regulation, each about its 
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To illustrate: chickens have a normal temperature 
(43.8°C), rabbits and foxes, 104‘’F (40“C), the horse, gg-V^F 
137.b b), or nearly as low as that of man, g8,6»F (37»C). To maintain a tern- 
porature of 20°C above what might be considered normal environmental tern- 
perature and 80° above the level to which the latter might fall is a far more 
exacting requirement than a cold-blooded animal has to meet since it econo¬ 
mizes by following witbin a degree or so the temperature of its environment. 
But its activities are also limited. A hibernating animal becomes inactive when 
body temperature falls to about 20°C, at which temperature, pulse and respira- 
tion frequencies fall to a fraction of their normal values and the metabolic rate 
is so low that stored-up food can meet its requirements for the season. Reptiles, 
fish, insects, and the like may remain active below this temperature. It has 
been found possible to revive microbes taken from the frozen bodies of pre¬ 
historic animals buried in ice in the far north perhaps 20,000 years ago. 

^^hatever the nature of the animal or its normal temperature it is obvious 
that the rate of production of heat must balance the rate of losing heat in the 
long run, and approximately balance at all times, even though at any particular 
instant either may exceed the other. The production of heat is essentially a 
chemical process and is closely analogous to the production of heat in the fur¬ 


nace in the home, with the food consumed by the body taking the place of the 
fuel in the furnace. Indeed foods have come to be evaluated largely on the basi.-^ 
of their potential heat production, and formal diets are designed in large part 
on the calorific value of their various food products. However, the distribution 
of the heat within tlie body and the transference of the heat eventually to the 
environment are basically physical processes and involve only the three modes 
of heat transference; conduction, convection, and radiation, either singly or in 
combination. 


23.2. Dependence of Body Temperature on Conduction, Convection, and 
Radiation. The temperature of tlic interior of the body is held at a nearly 
constant level regardless of the temperature of the environment or of the rate 
of production witliin the body. A man weighing 175 lb and having a surface of 
2 m- would have a daily heat output (when resting) of nearly 2 x 10® cal, or 
2000 kcal (sometimes written Cal). The dissipation of heat from a surface 
essentially must be proportional to the area whether due to conduction, con¬ 
vection, or to radiation. Therefore the rate of heat production likewise must 
depend directly on the surface of the body if its temperature is to remain 
constant. But heat production is related to the mass of the body and the latter 
does not bear a constant ratio to its area. For example, an infant at birth may 
have an area per kilogram of mass equal to roughly three times that of an 
adult, even in its second year it still has more than twice the area per kilogram 
of mass that an adult has. Burns reports a child having a mass of 10 kg and an 
area of 5120 cm^ and a 60 kg man having an area of 14,080 cm". In This case 
the baby has an area of 512 and the man only 235 cm" per kilogram of mass. 
This means that the loss of licat by conduction through tlie surface of a child is 
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a far more important matter than through the surface of an adult. Also, the 
adult has developed both physiologic and conscious controls so that he can 
counteract any tendency toward excessive heat losses that may arise through 
environmental circumstances. Not so with the infant, for at birth he has never 
experienced any change in environmental temperature and has not as yet de¬ 
veloped a temperature-control mechanism. In fact, a year or more is needed for 
the complete development of this mechanism. When an adult suffers a rate of 
heat loss greater than his rate of production, he makes a scries of adjustments 
and shivers or takes other exercise which effectively makes up for any excess in 
loss. But the infant, in the absence of adequate regulation and freedom to ex¬ 
ercise, may fare badly. All these considerations point to the same conclusion: 
that great attention should be paid to the control of heat losses by infants. 
Steps required may just as likely call for increased heat losses as for protection 
against them, for the infant is as frequently over-insulated as he is insufficiently 
protected. In either case it is an important matter, even one of life or death 
since signs of discomfort, even if observed, may be misinterpreted. 

Actually the basal rate of heat production normally matches or takes care 
of the change in the ratio of the surface to the mass of the body. Thus a mouse 
which has a large surface compared to its mass will produce ten times as much 
heat per kilogram of mass as docs the pig. A growing and active child will 
produce heat at a higher rate per kilogram than the adult, thereby compensating 
lor his relatively greafer heat losses. This in part explains his appetite. 

The conductivity of the human skin is roughly 0.0006 C.G.S. units or about 
the same as that of wood, and that of fat is even lower. Among men, and 
animals in general, individuals well supplied with a good layer of subcutaneous 
fat will suffer less heat loss than those not so protected, an advantage in winter 
weather, but a serious disadvantage in hot weather. In fact, a very obese in¬ 
dividual may have difficulty in transferring to his surface even the heat as¬ 
sociated with basal processes and, therefore, may find it quite impossible, 
whatever his natural inclination, to do work. Even with moderate exercise 
his i)roduction of heat may be increased by 50 per cent. ^loreover, his failure 
to eliminate sufficient heat means a rise in temperature an<l a further increase 
in heat ju’oduction due to the thereby increased metabolic rate, a truly vicious 
circle. A lean man can reduce his conductivity in tiic winter by the addition 
of clothing more easily than can the obese person dl.-^posc of his layer of sub¬ 
cutaneous fat in hot weather. Aquatic mammals, especially those without fur 
protection, must depend on such layers for i)rotcction against excessive heat 
losses. In general, animals have the protection of fur or of feathers to reduce 
further the heat loss from their outer surface. In cold weather the contraction 
of smooth muscles within their surface layers causes the feathers or hair to 
stand more on end, and thereby to increase tlie thickness of the enmeshed air 
on which the insulating value of the covering must depend. i\Ian, having lost 
his hair coating, has only “goose flesh” to reward this muscular action, hence 
must rely on clothing or on a control of his environment. The protective values 
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of both the natural coverings and clothing depend on the low conductivity of 
the enmeshed air. For the warm seasons many animals increase their con¬ 
ductivity by a natural thinning of their winter coating, and man wears lighter 
clothing. Both tend to reduce muscular activity. 

Each adult must lose about 40 kcal/hr per square meter of body surface to 
take care of basal metabolism and enough more to dispose of the heat released 
because of any muscular activity. In cool or cold weather the difference be¬ 
tween the temperature of the internal organs and that of his environment is 
quite sufficient to ensure this loss. This is not true, however, when the tempera¬ 
ture of the environment approaches or even goes above his own, as is likely to 

be the case on a hot summer day. Other modes of heat transference must then 
be brought into play. 

Convection plays an extremely important role in the matter of heat trans- 

feience to or from the body, but it is hardly subject to quantitative study and 

is difficult to control. Neither the heat-producing organs nor the muscles doing 

work and liberating heat arc evenly distributed throughout the body; hence a 

“hot water” system of heat distribution is provided and operated by the heart 

serving as a double pump, and the blood and lymph taking the role of heater 

fluid. Blood flows rapidly through organs and tissues, picking up heat here and 

giving it out there, thereby serving as a great evener of temperature, and 

moving with such speed that in an abdominal circuit the blood may make the 

entire round including a trip through the lungs in less than a minute. If, say, 

an extremity is exposed to cold, vasoconstriction—that is, the constriction of 

blood vessels—occurs and the flow to that part is thereby reduced in order to 

conserve the heat of the body. On the other hand, during hot weather when 

elimination ratlier than conservation of heat is required, vasodilation—that is, 

the dilatation of the surface vessels—makes possible tlie diversion of blood 

from the internal circuits to the surface areas and effectually increases these 

areas. Burton found that the flow of blood to the fingers per 100 cm'‘ of tissue 

might vary from 1 to 80 cmVmin depending on the change from a cold to a 

warm environment. If surface dilatation and diversion of blood continue over 

long periods, as is likely in hot weather, then digestive and other organs may 

suffer from lack of blood and become a prey to infections, and certainly work 

under a handicap. The extent to whicli the digestive upsets of the summer season 

arc due to this factor hardly can be estimated, so many other factors are 
involved. 

Convection currents of air may play an important part in the removal of heat 
brought to the skin by conduction or by convection. In hot weather this is a 
distinct advantage, while in wintertime such air currents are suppressed 
tiirough the use of clothing. Indeed an airtight fabric over a woolly garment 
will greatly improve tiie insulation by tiie latter through the prevention of the 
motion of the entrapped air. Fur garments worn skin-side out are more 
effective as insulating coverings than when worn with the fur side out even 
though less acceptable in ai)pearancc. 
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Radiation plays a more important part than might be expected of a body 
having a surface temperature of less than 37°C (310°K). Regardless of color 
the skin radiates within 2 or 3 per cent as efficiently as a perfectly black body. 
The fact that a black skin has a pigment that absorbs most of the visible radia¬ 
tion falling on it while a very fair skin may reflect as much as 50 per cent of it 
does not necessarily mean that this difference holds also in the far infrared 
region. A black body at 300‘'K emits radiation with wave lengths ranging from 
5fi to 20ja with a maximum at 9/x. In this region all skins are found by experi¬ 
ment to be equally “black.” Under normal atmospheric conditions about 60 per 
cent of the total heat lost by the body is given out by radiation, in spite of the 
fact that about one-fifth of the surface of the skin is ineffective owing to the 
interception of its radiation by another part of the body. Much depends on the 
temperature and on the clothing worn. 

23.3. Evaporation and Body Temperature. The part played by evaporation 
varies widely with the temperature of the environment of the body. At all 
temperatures there is a certain amount of diffusion of water to the surface of 
the skin and, therefore, a heat loss by its evaporation. This loss of water, called 
insensible perspiration, may amount to 30 gm/lir. But, as tiie environmental 
temperature reaches 30 to 3UC, the vasomotor regulation mentioned above 
becomes inadequate, and the sweat glands of the skin come into operation to a 
degree which increases with the elevation of the temperature. At all higher 
temperatures the body depends mainly on the evaporation of the sweat to 
provide the necessary elimination of heat. It must be kept in mind that the 
heat of vaporization of water at the temperature of the human body is about 
580 cal/gm, or mucli higher than at tlie boiling point of water where it is 540. 
.\11 factors which favor evaporation must favor the loss of heat, such as low 
relative humidity and rapid circulation of the air about the moist skin. Dry air 
even at 125°F may have a cooling effect if moving rapidly across a sweating 
skin. The higher the relative humidity the faster must be the speed of the air 
to get any cooling effect. 

If the surrounding air is saturated with water vapor the sweating can bring 
no cooling effect whatever the speed of the air, and the body has no further 
defense. If the temperature of the body should reach 110°F, death will follow. 
Fikewi.se a failure of tlie sweat mechani.sm to function on a hot summer day may 
cause a heat stroke. Bacterial products (toxins) may paralyze the sweat 
mechanism and also cause vasoconstriction. Deprived of tiic usual cooling 
agencies, the temperature of the body rises to the higher temperature levels 
known to us as fevers. Artificial fevers are readily brought about by placing a 
body in a strongly heated chamber kept saturated with water vapor which 
renders sweating useless. They are anything but pleasant, but in certain cases 
may be therapeutically useful. 

The relative losses by radiation, convection, and evaporation depend critically 
on conditions of temperature, convection currents, relative humidity, and on 
extent of sweating. By way of illustrations: a person sitting quietly in an open 
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room at 15°C, with a relative humidity of 50 per cent, showed heat losses of 
44, dl, and 20 per cent, respectively, for radiation, convection, and evaporation, 
in the case of a nude m a calorimeter maintained at 27.4°C witli a relative 
lumidity of 25 per cent, tlie corresponding figures were 58, 15, and 27 per cent, 
respectively. In another case (reported by Dubois), a nude man at rest in a 
ca onmeter showed losses by radiation, convection, and evaporation of 66, 15, 
and 19 per cent, respectively. For the same man, after violent exercise and 
w iile sweating profusivcly the corresponding figures were 12, 13, and 75. Thus 
evaporation plays the major role in the case of a sweating body, assuming 
adequate circulation and a low relative humidity. 

23.4. Effect of Ingestion of Fluids on Body Temperature. The ingestion 
of a hot drink has but an insignificant direct effect on the temperature of the 
body. For example, a cup of 250 gm of a beverage at GO^C would give up 250 
(GO — 37) = 5750 cal in falling to the temperature of tlie body. The specific 
heat of a man is 0.83; hence the water equivalent of a man weighing 60 kg is 
49,800 gm. Thus the cup could affect his temperature by less than one-eighth of 
a centigrade degree. Neither can alcohol aid tlie individual in meeting a cold 
environment. Tlie dilatation caused by this substance causes a rush of lilood 
to the surface, and a misleading sense of warmth, but actually a greater than 
normal loss of heat from the exposure of the blood sent to the surface. 

The matter of temperature control is thus seen to be extremely complicated. 
Hot climates impose difficulties in getting rid of excessive heat while cold 
climates bring extra burdens relative to metaliolism. A non-stormy climate with 
environmental temperatures of between 60*^ and Gfi^F and a relative humidity 
of about 40 to 50 per cent would appear to be ideal. Unfortunately the individual 
is rarely free to live in the climate he might select as the most acceptable. Many 
economic, personal, and even national elements enter into tlie situation. But it 
should be possible in any location to improve the environmental conditions so 
as to secure a high degree of comfort. 

23.5. Building for Comfort and Health. Each important physical element 
or condition involved mu.«t be su])ject to control if advantage is to be taken of 
the principles of physics. For example, an understanding of the modes of heat 
transference shoidd make the control of temperature possible. Automatically 
controlled humidifiers or dehumidifiers should provide at all times the proper 
relative humidity for comfort, electric fans the desired amount of circulation, 
and <louble-glazed windows are available to admit sunlight without exce.ssivc 

heat loss. In short, it is now possible to bring the ideal climate to at least those 
who live or work indoors. 

It is advantageous to install the required materials and equipment when 
building, but much can be done for a building already erected. The construction 
of the outer wall and of the ceiling stands fin'll in importance. A frame house, 
which is the most common type, is likely to provide plenty of space for any 
iK'cessary insulation. Such walls are always composite, hence no simple formula 
for the conduction of heat can be employed. A direct approach to the ]>rol)lem 
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may be made by considering the resistance to the conduction of heat, rather 
than conductivities. Thus, if R is the thermal resistance, it follows: 




KA(t2 - U) ^ k -h 
d R 


where R = d/K and unit area and unit time are assumed. In a composite wall 
the same heat flows through each of the components, hence H is constant, and: 
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Thus it is seen that the drop in temperature across any section of a composite 
wall is proportional to the resistance of that section. Since the total resistance 
is the sum of the resistances in series, it follows that, if and are the inside 
and the outside temperatures, respectively, 
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This makes it possible to calculate the temperature between any two parts of 

the composite wall and to draw a temperature “profile” for the wall. Such a 

graphical representation of the temperature 

drops within the wall is shown in Fig. 23-1. 
This simplified wall consists of weather 
boarding, building papers, wood sheathing, 
air space, mineral wool batt, covered on the 
inner surface with a continuous asphaltum 
film paper and, finally, lath and plaster. 
The dead-air layer at each surface of each 
component offers a distinct resistance. Two 
sheets of paper slightly separated offer more 
resistance than a single sheet having their 
joint weight. The actual surface tempera¬ 
ture of a wall or of a window pane is rarely 
the same as the temperature of the room. 
On the outer wall surface a wind may so 
greatly reduce the tliickness of this dead-air 
surface layer as to materially lower the re¬ 
sistance of the wall. On the other hand, 
heaters are made more efficient when fans 
(or pumps) arc provided to ensure a strong 
current along the heated surfaces. 

Since by far the greatest resistance to 
flow is offered by the mineral (or glass) 

wool, the greatest single drop in temperature occurs across this component as 
shown This means that the inner surfaee of the wool halt is near to le 
temperature of the room and the outer surface is not far from the outdoor 



Fio. 23-1. A section of a wall of a 
tvpical insulated frame house. The 
temperature gradients are indicated 
bv the broken line 
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temperature. In fact, the outer surface of the hatt during very cold weather may 
become covered with frost if there is not an effective vapor barrier on tlie room- 
Side of the insulation to keep tlie vapor from the room from getting through to 
the outer, eold side. Where tliis barrier has not been provided it is important 
that ventilation be provided even for the side walls, but certainly for the ceiling 
space by means of louvers if the return of the water and the consequent staining 
of the ceilings during warmer weather is to be avoided. In the absence of such 
a barrier there may be a drift or filtration of air through the walls and both heat 
and humidity lost to the winds even in an otherwise well-insulated house. The 
lelatively warm inner wall surface made possible by the insulation materially 
raises the mean radiant temperature of the room, and makes it possible for those 

in the home to be comfortable at a lower air temperature and, incidentally, to 
maintain a proper relative humidity. 

23.6. Relative Humidity and Health. It is extremely important that the 
proper relative humidity be maintained at all times, but during winter and 
summer especially. In a humid atmosphere one feels clammy in the wintertime, 
due to the relatively higher conductivity of his clothing and his skin, and even 
the insulation of his house. In the summer season a high relative humidity 
prevents the proper elimination of heat from the body by the evaporation of 
perspiration, hence the climate is rated oppressive. A dry climate is more 
acceptable in either of these seasons from the standpoint of comfort. However, 
in the wintertime the problem of keeping the relative humidity indoors suf¬ 
ficiently high for good health and comfort is very difficult. In cold climates even 
fully saturated outside air is extremely dry when warmed to the indoor tempera¬ 
ture, This points to the importance of providing some artificial means of adding 
water vapor to the air, and of keeping it within the house through the aid of a 
wall vapor barrier, as mentioned above, and by having tight windows and doors. 
Assuming these conditions are satisfied, there are many types of humidifiers 
available which should prove satisfactory. For a hot-air furnace an open pan, 
inside the heater jacket and automatically kept full, should meet the need. For 
hot-water or for steam-heated rooms humidifiers making use of sprays and of 


fans should prove adequate provided they are of sufficient capacity and are 
kept filled automatically. Frost will not form on the walls of a properly in¬ 
sulated house. A single glass window has two dead surface-air films while a 
double window has twice as many and in addition a dead-air chamber. The 
inner surface of the inner glass is likely to be so warm that no troublesome frost 
will form on it when the relative humidity is within the accepted range of 40 to 
50 per cent. In an excessively dry atmosphere not only is discomfort sufl'ercd 
from dry skin and throat, but a person becomes more susceptible to infections. 
Most climates are tolerable if proper control is exercised over tcmiierature and 
relative humiditv, at least for those indoors. 

V ' 

23.7. Air Conditioning. One would hesitate to depend on a refrigerator i)ro- 
vided with only a manually operated switch, yet that is precisely what most 
pco])le do with respect to their heating plant, ventilation, and humidifiers. 
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Equipment is rapidly becoming available for the automatic control of tempera¬ 
ture, circulation, and humidity, not only for theaters, industrial establishments, 
and institutions, but also for domestic use. It is known as air-conditioning 
etiuipmcnt. In the home a suitable installation can eliminate the extremes of 
humidity and of temperature throughout the year and tliereby remove one 
of the major causes of illness. Modern trains, airplanes, and even some buses 
and automobiles now provide such equipment in the interest of comfort and 
cleanliness. Many industries, including textiles, plastics, candy, papers, films, 





Fk;. 23-2. The workini: parts of an air 
conditioning unit of console type. Note 
refrigerator unit in lower part and circu¬ 
lating fans in top section (Courtesy of 
U.S. Air Conditioning Corporation) 


Fig. 23-3. A general .scheme of a 
large-scale air conditioning plant 

(.\dapted) 


etc., arc now able to operate without the interruptions formerly made necessary 
by unfavorable weather conditions, with greater economy and a better quality 
of product. 

In the hospitals operations can be scheduled without reference to weather 
conditions. Surgeons and their assistants can do better work in an operating 
room kept at the optimum temperature and humidity level, and tiie objection¬ 
able as well as explosive ether or other vapors can be constantly removed. The 
})atient, whose own temperature-regulating mechanism docs not function during 
anesthesia or for some time thereafter, is particularly benefited and is less 
likely to be the victim of a heat stroke, if in hot weather, or to contract post- 
operational j^ncumonia. Air conditioning is now considered indispensable for 
the nursery room, especially the one assigned to [)rcmaturc infants. One hospital 
credits air-conditioning equipment for its very pronounced reduction in the 
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mortality of premature infants. This is understandable when it is reealled that 
infants m general at birth have not developed an efficient temperature-regulat- 

Air conditioning can contribute substantially to the health, particularly of 
t lose flho aie subject to asthma, as its filters remove most of the irritating dust 
and other particles, including bacteria, smoke, etc., in addition to poisonous 
gases Several types are now available for use in the home or the office; some 
fit into the windows, others are of the console type. Air conditioners in general 
provide in all seasons (a) cireulation of the air, and (b) filtration of the air. In 
he Vinter season they can (c) supply heat and (d) provide the necessary 

1 T .. C \ 1 ^ 1 * I ' summer season 

icy can (e) cool the air by means of a refrigeration unit and (f) dehumidify 
he air by means of a spray of chilled water. Not all the smaller units supply 
the last feature, but all tiie features named are likely to be found in the larger 
units designed for hospitals, stores, factories, etc. The working parts of an air 
conditioner of the console type arc sliown in Fig. 23-2. The arrangement for 
the winter season, shown in Fig. 23-3(a) makes use of all elements, and may 
use returned air to any extent made necessary by outside temperatures For 
summer use, represented by Fig. 23-3(1)), no heater coils are in operation, but 

cooling units and chilled water sprays come into use to lower both the temiiera- 
ture and the humidity of the air. 


Problems 

1. Assuming thnt a 15-kg child has an area of 6000 cm- while a 70-kg man has an 
area of 16,100 enr, firnl the ratio of the area per kilogram for each case and then com¬ 
pare the two ratios. (A/fs. 440 230 = 1.01 or nearly twice as hi;:h for cliild) 

2. Find the inverse ratio of a typical value of the conductivity of the skin, 0.0006 
(CGS units) to the conductivity of wood, rubber, asbestos paiier, steel, and ahiminum. 
The results should show why metals outdoors on a cohl day feel to the skin so much 

colder than wood. Obviou.dy the metals can remove heat far more rapidiv than the skin 
can supply it. 

3. Taking the heat of vaporization of ptuspiration to be oSO cal gin at the tempera¬ 
ture of the human skin, how much heat does the body lo.-^e per dav from the evapora¬ 
tion of insensible perspiration if tiie average loss amounts to 30 gm per hour? Far 

greater amounts are lost if the body perspires freely, (.las. Lo.ss/day = 417,600 cal¬ 
ories) 

4. Refer to Tal)le 20-1 and find the ratios lietween the heats of vaporization of 
ethyl alcohol, methyl alcoiiol, and water, (live two ri'a.'ons why methvl alcohol would 
give a greater cooling sen.'-afion than water or even ethyl alcohol. IIow much heat is 
required to change 20 gin of ethyl alcohol at 20°(' to it.s va|)or at 7'^.3®C, assuming die 
specific heat of alcohol i.s 0.55? 

5. A student weighing s5 kg drank 300 ce of hot coffee in (he hope that if would 
warm him up” for a trij) tiirough a blizzard. If tlie eolTee harl a temperature of ()5 ‘C 

and if the specific heat of liis body is ().>s3. how much could the teniperafiire of his 
body have been effeeted, eonsidereil on a merelv [iliysical liasis? (,l//.s\ 0.11‘F(.’| 

6. During a train-stop a student ni'he<l into the station restaurant wlicrc he was 
served a cup of boiling-liot colTee, Xanie several mcthoils he might have u.sed to cool 
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the coffee rapidly, explaining the physical basis of each, and indicate the one likely to 
be the most effective, giving the reason. 


Suggested Readings 

Bard, Philip, MacLeod’s Physiology in Modern Medicine (C. V. Mosby Co., 1941) 
Burns, David, Introduction to Biophysics (J. and A. Churchill, London, 1929) 
Carlson, A. J., and Johnson, Victor, The Machinery of the Human Body (University 
of Chicago Press, 1948) 

Glasser, 0. (Editor), Medical Physics, 1 and II, 2nd ed. (Year Book Publishers, Inc., 
1950) 
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Wave Motion 

AVithout doubt people generally arc more “wave-conscious” than ever before 
Water waves are perhaps the most familiar and tangible in form, but waves in 
cords, or wires, sound waves, heat waves, light waves, radio’s electromagnetic 
waves, tidal waves waves from explosions, and so on, are all familiar enough 
to be included in the press, in addresses, and in conversation. Unfortunately 
many have the general idea that there is some sort of propagation of material 
m wave form, analogous to the transference of heat by convection, but such 
IS not the case. Anyone who has stood on shore waiting for his hat or for some 
other floating object to come in with the waves knows full well that the water 
does not travel with the wave. Only the phenomenon progresses, with each 
molecule staging a particular performance when given the cue by its neighbor¬ 
ing molecule on the side from which the wave comes, and passing it on to the 
next in line, without at any time getting far from its undisturbed position. Its 
maximum departure from this position is known as the amplitude of vibration, 
and is one of the chief factors which determines the energy, or intensity, of the 
wave. Therefore, much can be learned about wave motion by a review’ of the 

principles having to do with the simple periodic motion of a disturbed particle, 
briefly discussed in Chapter 14. 

During a complete vibration each particle oscillates about its normal posi¬ 
tion of equilibrium toward which at cacli instant it experiences a restoring 
force proportional to its displacement. In a transverse wave each particle 
vibrates at right angles to the direction of the propagation of the wave. The 
latter is called a transverse wave. A longitudinal wave is one in which the 
particles vibrate in the direction of propagation. This is known also as a 
compressional wave. The vibrating particle must possess inertia or its equiva¬ 
lent if it is to acquire the energ>^ needed to continue past its neutral position and 
thereby maintain itself in vibration. If, when once distributed, the individual 
particle is left free to vibrate with its own natural frequency, it will have a 
period determined by the ratio of the displacement to its acceleration toward 
the position of rest and will continue to vibrate until the acquired energy is all 
converted into heat energy. The progress of a succession of circularly expanding 
water waves from the point of initial disturbance, perhaps due to a falling stone, 
is a familiar case. However, if the central disturbance should be caused by, 
say, the end of a pole irregularly moved up and down, the ex])anding waves 
would possess corresponding irregularities. 
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24.1. Water Waves. Water waves, being the most familiar, are perhaps the 
most easily visualized, yet actually they are complicated since each particle 
in a simi)le wave has a circular path, hence such waves are neither transverse 
nor longitudinal, purely, but both. To illustrate, consider eleven equally spaced 
water particles in a simple surface wave advancing to the right as shown in 
Fig. 24-1 (a), and let each differ from its adjacent particle on either side by 
one-eighth of its circular path as shown. A smooth line drawn through the 


(a) 


(b) 


(c) 






(d) 



Fir:. 24-1. fa) A representation of the motions of individual particles in a surface wave. 
Xn particle moves far from its position of rest, (h) Graphical method of showing 
the displacement of particles in a comiiression wave, (c) A row of pendvilum balls 
joined by springs in their jiositions of equilibrium, fd) The same, except in positions 

showing the displacements of a compressional wave 

selected particles has the form shown by the continuous curve and represents 
quite as well the positions of all the intermediate particles not shown, since 
they wouhl have intermediate positions on this line. The position of each par¬ 
ticle in its path defines the phase of its motion, hence each particle shown 
^ e -eighth of its period in phase from either adjacent particle. Thus 

it is apparent that particles I and 9 agree in phase, likewise 2 and 10, or 3 
and 11. The distance between i)oints in a wave having the same phase is by 
definition the wave length A, and is the same whether measured from crest 
to crest, or between some other pair of corresponding points. It will be observed 
that the crest differs in form from the trough of the wave, as a result of the 
circular motion of the })articlcs, and is, therefore, unlike the waves in a vibrating 
cord or wire in winch the vibrating particles are forced to move transversely. 
As an ocean wave api)roaches a shore and moves into such shallow water that 
the return circular motion of the particles is hampered by friction on the bot¬ 
tom, the top of the wave may tumble forward, forming the familiar breakers, 
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andjhere will bo an actual advance of water up the beach for each wave on ita 

The tune for each particle to complete its circular path is called the period 

w^llal^n'ce^7“^ ^^own at 2 

«in advance to 3, and w.thm a whole period it will advance to 10 

The speed of the wave is given by the relation: v = \/T = nX where 

ii'ition s: iit::?h: 

The velocity of a simple deep-water wave can he shown mathematically to be 
given by the relation: ■’ 

V = \/gA/27r 

where is the acceleration of gravity. Using this relation, it may be found by 
calculation that an ocean wave 200 ft long lias a velocity of 21.8 mi/hr while 
one 800 ft long has a velocity of 43.6 mi/hr. It should now be apparent that 
ocean vessels not only would be powerless to cope with the waves, but actually 
at their mercy if the water itself had the speed of the waves. Again it is seen 
that it is the phenomenon, rather than the material, that advances. 

24.2. Graphical Representation of Waves. It is shown in Chapter 14 that 
a simple periodic motion can be represented by the projection of a point, mov¬ 
ing uniformly in a circle, ujion a diameter, and that this projection, when plotted 
against time, yields a sine (or cosine) curve, generally called a sinusoidal curve. 
Such a curve, therefore, reiiresents the wave form of a transverse vibration like 
that of a simple wave advancing along a stretched wire. The representation of 
a compressional or longitudinal wave is less conveniently done graphically, 
yet the nature of the motion may be deduced from Fig. 24-1 (a) by projecting 
the circular motions of the particles on their horizontal, rather than on their 
vertical diameters. The horizontal spacings for these particles arc shown in Fig. 
24-1 (b). It should be observed that for each cre.st in the surface wave there is 
a compression in the longitudinal, and for each trough a rarefaction. Liquids 
and gases can propagate only compressional waves; to transmit transverse 
waves requires rigidity, a property not possessed by a fluid. Since solids can 
offer resistance to either transverse or longitudinal displacements it follows 
that they may transmit either transverse or compressional waves, but at very 
different speeds. As must be apparent from Fig. 24-1 fb), the graphical repre¬ 
sentation of a compressional wave by dis[)lacem(*nt lines in the direction of mo- 

ion IS very cumbersome. It is the practice to plot the pressures at the various 
points along the advancing compn'ssional wave as ordinates against the dis¬ 
tances fonvard as abscissas. This yields a sinusoidal type of curve and makes 
possible the application of the same mathematical treatment to both transverse 
and longitudinal waves, so the distinction will be dropped in much that follows. 

24.3. Demonstration of Waves. Physical lal)oi-alori»-s are likelv to liav(‘ oiu' 
or more types of aj)|)aratus for (hanonstrating to classe.s each type of viliration. 
They generally u.<e some mechanical means of making a series of i)ails vii)rate 
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in the one mode or in the other, in proper sequence. A simple type is shown in 
Pig, 24-1 (c), and consists of a series of like balls suspended as pendulums but 
connected by springs capable of resisting either the compression or the stretch¬ 
ing that might be involved by any displacements of the balls, to which they are 
attached, from their positions of equilibrium as shown in (c). If the arrange¬ 
ment is made such that the separations of their neutral positions of equilibrium 
are the same as in Fig. 24-1 (a), and if they are given also the same amplitude, 
it will be found that at a particular instant the positions occupied by the balls, 
as shown in (d), agree exactly with the positions occupied by the spacer bars 
in (b). Generally speaking, any type of wave motion is simply related to the 
simple periodic motion of single particles. 

24.4. Combinations o£ Two or More Waves. In Chapter 14 it was shown 
in Figs. 14-3 and 14-4 that the displacements of a simple periodic motion 
plotted as ordinates against the time as abscissas gave sinusoidal curves. Two 
such vibrations of like period and in phase would give a combination curve 
having twice the amplitude since the displacements would be those of a circle 
having twice the diameter. If in opposite phase there would be zero displacement 



Fir,. 24-2. Graphical methods of showing the combinations of waves in the case of. 
(a) two waves in phase with each other, (b) two waves out of phase but with liKe 
periods, and (c) three waves differing in phase, period, and in amplitude 

at all times. Two vibrations of like phase and period but of unequal amplitude 
would give a combination vibration of like phase and period but with an ampli¬ 
tude which would be the sum of the two amplitudes or, in case they are in oppo¬ 
site phase, their difference in amplitude, as represented in Fig. 24-2(a). In the 
latter case the resultant vibration would have the phase of the stronger compo¬ 
nent. If, however, these two vibrations are unlike in both amplitude and phase 
but still have the same period, then again the combination wave is sinusoidal 
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with an equal to tlie vector sum of tlic separate amplitudes, and with 

a phase fixed by the phase difference ami by the magnitudes of the components 
as shown m Fig 24-2 (b). It must be obvious that any number of vibrations of 
like periods could be combined cither by finding the vector sum of their dis¬ 
placements on the diameter and treating the summation vector as a single vec¬ 
tor or else by adding the ordinates of the separate curves. Exactly the same 
resultant eun-e would be obtained. It would have their common period, but 
would differ in phase from eacli of its components. 

The problem becomes more complicated when the periods also differ. When 
the ratios between the periods can be expressed by simple numbers like 1 to 2, 
2 to 3, 3 to 4, etc., the problem is greatly simplified. Fortunately many interre¬ 
lated vibrations, such as those of a vibrating wire, or sound waves produced by 
a pipe, and many speech sounds, fall into this category. The resulting waves 
are no longer sinusoidal, but the wave pattern docs repeat itself as often as 
the group “comes out even.” A combination of three sucli vibrations, with the 
relative periods and amplitudes indicated by the curves themselves, is given in 
Fig. 24r-2(c). In the event the periods themselves are variable, the combination 


wave keeps changing its form. “Brain waves,” noise waves, seismograms, etc., 
are likely to be of this type. 

24.5. Velocity of Waves in a Stretched String or Wire. In any simple 
periodic motion the acceleration toward the equilibrium position, hence the re¬ 
storing force, is proportional to the displacement from that position. In the case 
of a stretched string (or wire) this force arises from the tension on the string. 
But for a given tension the acceleration must vary inversely as tlie mass of a 
unit length of the string, m. Hence one would expect the velocity to depend on 



Fin. 24-3. The velocity of a transverse wave in a 
cord depcmls on its tension and its mass per unit 

lensth 


both the tension and the mass of the vibrating string. A simple solution of the 
problem may be obtained l>y considering a very short section, ds, of the crest 
as a vibrating body of mass of ds x m. In Figure 24-3, AB represents a portion 
of a vibrating string of wiiich ds is a sliort section, shown at the crest of tlie 
wave for simplicity. The vector diagram may be used to represent the velocity, 
V, of the wave in relation to the change in velocity, at, which takes place in the 
time, t, required for the wave to go the distance ds (or vt) . It could also be used 
to represent the relation between the tension on the string and the force on the 
element ds, which gives it an acceleration of a toward the center. From these 
considerations it follows: 


at 

By simplification: 


T _ T ^ ^ T 

F ~ mass X aced ds X rn X a vl ma 


V = \/T/m 
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For the diagram as drawn the equation given only approximately represents 
the true relation between the factors involved, but since the time, cancels out 
and does not enter the final relation it may be made sufficiently small for the 
ratios given to be strictly equal, hence the final relation is definitely valid. 
Since this relation was developed by using fundamental principles of mechanics 
tlie usual absolute units must be employed. For example, in the metric system 
V is in centimeters per second, m in grams per centimeter, and T in dynes of 
force. In the English system the corresponding units are; feet per second, pounds 
per foot, and poundals. 

24.6. Velocity of Compressional Waves. If molecules in a continuous 
medium are displaced longitudinally the restoring force will be in proportion 
to the elastic constant of the medium, which in the case of a gas is its pressure. 
But the return-acceleration of tlic displaced particles will vary inversely as the 
density of the medium. It can be shown that the velocity of a compressional 
wave is given accurately by the relation: v = \/E'/(l. For the case of compres¬ 
sional waves in a rod E is Young’s modulus in dynes/cm-, d the density in 
gm/cm^, and v is tlie velocity in cm/sec. For gases E would be identical with the 
pressure in dynes/cm- for isothermal changes. But for the rapid expansions and 
compressions involved in the transmission of sound waves tliere can be no re¬ 
moval of the heat of compression; that is, the expansions and compressions are 
adiabatic. Hence the effectual pressures are increased by the ratio of the specific 
heats of the gaseous medium, y, or, in the case of air, by the factor 1.40. By 
assuming standard conditions and using the appropriate constants, one may cal¬ 
culate the velocity of sound in air as follows: 

r - = VI-40 X 980 x 76 x 13.6/0.001293 = 33,120 cm/scc at 0°C 

The velocity docs not depend on the pressure, assuming constant temperature, 
since an increase in pressure would produce a corresponding increase in density; 
therefore their ratio remains the same. But with a constant pressure the density 
of a gas varies inversely as the absolute temperature; hence the velocity of 
sound in a gas varies directly as the square root of its absolute temperature, or 

For air at room temperatures this amounts to an increase in velocity of approxi¬ 
mately 60 cm/sec per rise of 1®C. 

24.7. Diffraction, and Huygens’ Principle. It is well known that waves 
being projiagated in a medium tend to spread into the shadows produced by 
obstructions, and to move out from a gap in a barrier into a fan-shaped area 
ijeliind tlie i)arrier. Tliese are examples of diffraction, an important and very 
general physical principle. 

The nature of tlie plienomenon is shown diagrammatically in Fig. 24-4(a), 
in wliich a series of surface waves are being propagated from a source, 5. As 
the waves reach tlie gap tlie liquid within the gap is given an up-and-down 
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motion similar to that which originated the waves at S. The motion within the 
gap therefore beeoines virtually a new source, so far as the liquid beyond th 
b^rier is concerned, the waves spread out from the gap with a circular front as 

own, and the regions on either side of the gap experience wave motion even 
though they are m the shadow with respect to S. If there were two gaps 
shown in (b), there would be two sets of ex- ^ 

panding waves as indicated, and their fre¬ 
quencies would be the same and equal to the 
frequency of 5. But the two sets overlap; in 
other words, there is interference between 
the two groups of waves. If crests are repre¬ 
sented by continuous lines and troughs by 
dotted lines then at certain points marked 
with small circles it will be seen that crests 
reinforce each other and produce twice the 
amplitude, while at certain other points 
troughs and crests combine to produce zero 
amplitudes. For points of reinforcement the 
distances to the two gaps must differ by 1, 

2, 3, or by any integral number of wave 
lengths, while the points of destructive in¬ 
terference differ in their distances by odd 
integral multiples of half wave lengths. The 
phenomenon of interference is common to 
all types of wave propagation and is of 
great importance. 

In Fig. 24^(c) is shown the result for a 
large number of narrowly spaced gaps. It 
will be observed that the wavelets from all 
gaps agree along their common front, but in 
all other areas the interference is so great 
that no wave motion is apparent. Since 
there is no energy expended in regions of 
zero amplitude it must be associated en- 



Fio. 24-4. .\ wnvo .«y.«tem spreading 
out from l;i) a siiiijlo slit, (b) from 
two slits ami interferinji with each 
other, and (e) from a large number 
of slits and forming a new wave 
front (Huygens’ prineijile) 


tirely with the regions of reinforcement. If the gaps were made more numerous 
and smaller, their common wave front would advance the satue way but would 
he slightly smoother; in hict. if tin* gajis wen- blended into one opening the wave 
front would be perfectly smooth. It was the famous Dutch physicist, Huygen.s 
(1629-1695), who first insisted that all advancing wave front.s should hv con¬ 
sidered merely as tin* comtnon front of wavelets atlvancing from every point of 
an advancing wave disturbance. 'I'liis gi-neral principle, known as Huygens’ 
Principle, offers a basis of explaining many facts relative to interferenei', dif¬ 
fraction, refraction, reflrelion. ami pol.-u i/ation, as will be seen later. Important 
applications to the directing of radar beams are now being made. 
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24.8. Refraction and Reflection of Waves. Suppose a plane-front AB ad¬ 
vances and strikes obliquely the plane surface, MN, of another medium in 
which the speed of propagation is less as shown in Fig. 24-5. During the time 
required for A to reach the point C the portion of the front at B advances only 
to the point D, a smaller distance than from A to C. Thereafter all parts of 
CD advance together, in line with Huygens’ principle, normally to the wave 
front, CD, but this is not normal to the original wave front—in short, refrac¬ 
tion has occurred. It is found advisable to describe the bending by reference of 
each direction of propagation to a normal to the dividing surface. By simple 



Fig. 24-5. The refraction of a wave Fig. 24-6. The reflection of a wave 

at the boundary between two media front, AB, at a surface, BC. DC, the 

in which the speeds are different reflected wave, makes the same angle 

with the normal to the surface as 

AB makes 

geometry it is seen that the angle ABC is equal to the angle of incidence, t, 
which by definition is the angle between a normal to the surface and the direc¬ 
tion of approach of the incident wave front, assumed plane. Similarly, the angle 
BCD is the angle of refraction. From this it follows that AC/BD = BC sin 
if [BC sin r) or simply sin I'/sin r. But AC/BD is the ratio of the speeds of the 
wave in the two media and is known as the index of refraction, n. It follows: 

n = sin I’/sin r 

This general law is known in optics as Snell’s Law of Refraction. 

In a similar manner one can establish the law of reflection of plane waves 
impinging on a plane surface, as shown in Fig. 24-6. In this case, however, the 
part of the wave striking at B is thrown backward and sets up a returning wave 
front on the Huygens’ principle. By the time A reaches MN that part which 
struck at B has reached a point D. Since the medium is in common it follows 
that BD = AC, the two right triangles ABC and CBD are equal, and the angle 
of incidence, i, is equal to the angle of reflection, r —the basic law of reflection 
of plane-front waves. Both laws apply equally well to spherical waves pro¬ 
vided one considers a small area tangential to the advancing spherical wave 
front and normal to a narrow beam or “ray.” 

The laws of refraction and of reflection have many applications and illustru- 
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Uons relative to surface waves and to both transverse and longitudinal waves 
m media. Those pertaining to optics are discussed in a later chapter. The reflec¬ 
tion of obliquely incident water waves at a plane surface, or their refraction as 
they pass into shallow water over sand bars are illustrations commonly ob¬ 
served. Likewise the reflections of sound waves by a plane-walled building, a 
mountain side, or even a forest, produce echoes, familiar to all. The refractions 
of sound waves in air readily may be understood from Fig. 24-7(a) and (b). 
In (a) the air near the earth is assumed to be warmer than that above the 
earth, the common case during daytime. This means that the lower part of 
the wave front, advancing from a distant source of sound such as a bell or the 


(a) 





Fig. 24-7. Sound is refracted (a) toward the earth when the air near the earth is cooler 
than the air higher up, and (b) from the earth when the ground air is relatively warm 


whistle of an engine, will have a higher speed than the upper part; hence the 
wave front wdll veer upward and an ear at E may fail to hear the sound. At 
night, in contrast, the air near the surface of the ground or of a water body may 
be much cooler than the air in the higher layers. When this is the case, sound 
waves are refracted downward toward the earth and may be heard more clearly 
than normally since they have not encountered any of the olistructing objects 
which generally confuse the sounds propagated along the surface of the ground. 
It is explained in Cliapter 22 tliat a wedge of cold air sliding under a warm air 
body is a frequent cause of rain. It is now clear that with such an arrangement 
sounds from, say, a distant bell will be refracted down\var(l by the warm air 
above the cold wedge. Tliis explains tlie striking clearness with which one can 
hear sounds originating at quite distant sources just before any rain caused 
by an underrunning wedge of cold air. 

24.9. Reflection of Waves in Wires or in Tubes. AA’'avcs propagated along 
wires or in tubes are nonspreading; hence their amplitudes do not dimini.'^h 
appreciably with time, except for internal and external viscosity effects. Indeed 
a steel wire or a tuning fork set into vibration will continue to vibrate for a 
considerable time after being started, the waves simply traveling from end to 
end, backward and forward, until the original energy is changed into heat (‘n- 
ergy. Consider first a single jiulse started along a wire l)y a controlled move¬ 


ment of some part of a wire and consith'r that it is advancing to a fixed termi¬ 
nal, say a clamp at C, a.< shown in Fig. 2-t-8(a). As it advances its crest is held 
to a constant amplitude by the tension of the wire brought info play l)y the 
progressing displacement. Hut wlien the fixed end is reached the reaction of the 
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clamp gives back to the wire its own impulse, and the wave is reflected back 
down the wire with its initial form and speed, as shown by the dotted line, with¬ 
out loss in phase. A method for keeping such waves continuously in action along 
a cord is described in the next section. In case the crest approaches a free end, 
the latter is thrown to an amplitude greater than normal since there is no re¬ 
straining force from beyond. This also causes a reflection, but the wave is re¬ 
versed in phase. This case is illustrated by the reflection of a wave from an open 
end rather than from a closed end of a pipe, with a change in phase of 180®, 


(a) L ^ - .1 ^ ^ ^ - -ntl - 



Fig. 24-S. (a) Waves, whether transver.'^e as shown or longitudinal, are reflected from 
a fixed end without change in phase, (b) Method of producing standing waves in a 
cord by adjustments of tension and of length, (c) A wave system of four nodes and 
five half-wave loops, (d) and (e) Both show coincidence of advancing and of reflected 
waves, but (e) is a half period later. The coincidences occur at only definite points 

such as A, B, C, D, and E 

24.10. Experimental Study of Vibrating Strings. Suppose that a string of 
mass rn ])er unit length is stretched between a vibrator and a pulley, say about 
2 m away, over which it passes to a suspended weight utilized to apply the 
needed tension, as shown in Fig. 24-8(b). If started without special adjustments 
nothing more than a slight visual broadening of wire will be observed since 
the advancing and the reflected waves meet each other in a random manner. 
However, if the distance to the pulley or the stretching weight be changed, it 
should be found possible to obtain a set of standing waves as shown in 
Fig. 24-8(c). They arc due to the meeting and to the mutual reinforcement 
of reflected and advancing waves at fixed points with regularity over extended 
periods of time. The two separate sets of waves are shown in part (d) in which 
the advancing wave, represented by a continuous line, and the reflected wave, 
represented by the dotted line, both have crests at A, B, C, etc., and troughs 
at D, E, etc. In the positions shown they agree in phase at all points and 
their amplitudes are additive. One-half period later A will meet B' at the point 
D, B will meet C' at E, etc., as shown by (c), and again there will be complete 
coincidence; only this time the crests are where the troughs were a half-period 
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previously, and vice versa. Thus it is seen that at each of the marked points 
crest meets crest and trough meets trough alternatelv, and the eye due to 
persistence o vision, continuously sees hotli; hence tl.ese regions have tl.o 
appearance of broad spindles. Tliey arc called loops, and the middles of ad¬ 
jacent loops are one half-wave length apart since the coincidence occurs every 
half period. Halfway between the lettered points cre.sts regularly meet troimhs 
and their vector sums are zero, hence these points never vibrate, and are called 
nodes. Of course they, too, are a half-wave lengtli apart. 

The explanation thus far given can explain the presence of the loops and 
nodes, as completely as is generally done, hut it is decidedly inadequate. For 
one thing, one might expect the amplitude to be only twice the amplitude of 
the advancing wave, but it is in fact very many times greater. This is because 
each returning wave, on reaching M, is again reflected and unites with one of 
the new waves being constantly produced by the vibrator. TIuis each wave 
makes many, many trips forward and backward, continuing thus until its 
original energy has been dissipated. On the string at any time one has the sum¬ 
mation of all the waves which arc made during the time it takes one to fade 
away completely, and the resulting amplitude is a large multiple of the ampli¬ 
tude of a single vibration, even of the vibrator itself. Were it not for this ad¬ 
vantage it would be impossible to carry out an cxj)crimcnt to test the laws of 
vibrating strings by this method. There is also another important point that 
should be appreciated. Suppose the adjustment were correct to within only 10 
per cent. With only two waves on the string minute loops might be formed on 
the wire, but the fifth wave would be 50 per cent out of phase and offer destruc¬ 
tive interference. Even with a 1 per cent error the fiftieth wave would interfere 
with the first. Hence, for distinct loops the precision of the adjustment must be 
extremely high. 

The lowest frequency which may produce resonance is one w'hich gives a 
wave time enough to travel the entire length of the string in a half-period. For 
this case the length of a loop, L, is identical with the length of the string, from 
which it follows: \ — 2L. For the next lowest frequency there would be two 
loops, for the next, three, and so on. It has been shown that the velocity of a 
wave in a string is given by the relation v = n\, and that it is equal also to 
Vr/m. It follows that 7 }.\ ~ i)2Tj — \^T/ni and » = \/T/tn /2L. The value ol 
L, the distance between successive nodes, can ho determined with greater pre¬ 
cision by arranging the tension or the fnapiency, or the total lengtii, so as to 
give a number of nodes along the wire. Since T, m, and L can he experimentally 
determined the arrangement ofliu's a convenient method of checking tlu‘ laws 
of vibrating strings. 

Several simpler law’s of transversely vibrating strings can be (le-luce<l from 
the basic law, expressed by the last eriuation. (t) Assuming a constant teii^-ion 
und uniform string it is seen that the fre(|iiency of a stiadched string \aiies iti- 
versely as its length, (2) with a constant length the frequency varies dnvctly 
as the square root of the tension, and (3) with the same length and ten.^on the 
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frequency varies inversely as the square root of the mass of the string per unit 
length. These laws are basic to the construction of all stringed musical instru¬ 
ments, and in most of these all three factors, length, mass of unit length, and 
tension are varied. 

24.11. Kundt’s Method. A somewhat similar method but suitable for the 
determination of the velocity of longitudinal waves in solids and gases was de¬ 
scribed by Kundt in 1866. It makes use of standing sound waves in a long glass 
tube. The general arrangement is shown in Fig. 24-9. AC is a rod, say of brass, 
clamped at its mid-point, B, and carrying at the end C a light plate resting 
against a thin rubber sheet covering the end of a glass tube, CD. This tube con- 


o 


o 

fi 



x-> 


V2 

♦ 







D 


Fig. 24-9. The Kundt’s tube arrangement for demonstrating standing waves 

in a vibrating column of air 


tains a small quantity of cork dust or lycopodium powder spread along the tube 
and is closed near the D end by a movable disk mounted on a rod E. Any longi¬ 
tudinal vibrations of the rod set up compressional waves in the tube, and since 
the rod is clamped at its mid-point that point can serve only as the node for 
any standing vibration of the rod, and the ends will correspond to loops. The 
length of the rod is, therefore, just one half-wave length of the fundamental fre¬ 
quency emitted by the rod. Various methods have been employed to set the 
rod into longitudinal vibration, but the one usually employed in the laboratory 
■ involves simply rubbing the portion of the rod near A with a piece of leather 
coated with resin. The resin acts exactly as it docs on a violin bow, by enabling 
a light pressure to transmit sufficient forces to initiate and to maintain the 
vibrations and yet leave the rod free to vibrate in its own natural period. By 
adjusting the iiosition of E it is possible to make the confined gas column an 
integral multiple of the half-wave length of the compressional waves set up in 
the tube by the rod at C. When this adjustment is precisely correct, the cork 
dust in the region covered by each loop will be violently agitated. In fact, one 
judges the accuracy of adjustment by the violence of the agitation. By meas¬ 
uring the distances between various nodes at which the cork dust remains un¬ 
disturbed, it is possible to determine their average separation, s; hence the half¬ 
wave length of the sound waves in the gas within the tube. Since for a constant 
frequency the velocities of waves must be proportional to their wave lengths 
it follows that: 

v/Vg = AC/s or (AC/s)v^ 

where v, and are the velocities of the waves in the rod and in the gas, respec¬ 
tively. The gas generally used in the tube is air since the velocity of sound in 
this medium has been accurately determined, .\fter the value of has been 
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found, it may be used to determine the value of for any other gas which may 
be introduced into tlie tube. 

24.12. Auscultation and the Stethoscope. Auscultation is the name given 
to a method of determining the condition of an organ by listening to the sounds 
produced by it, or by sounds from it caused by sharji blows or percussion. At 
first it was employed to examine the condition of the heart anil involved the 
placing of the car of the observer against the chest of tlic patient. It was found 



Fk;. 24-10. Simple stethoscope provided with difTerent attachments 

K.'ourtesy of Ik’ctoii, Dickinson and Co.) 


more convenient and more satisfactory to Imth tiic physician and the j>atient to 
use a tube to convey the sounds from a collecting chamber placed on the chest 
to ear tubes, and the simple instrument reipiired to accomplish this bears the 
name of stethoscope. In some form or other they have been in use by physicians 
for nearly a century and a lialf, and are even now taken as almost the symbol of 
professional status. One of the simider forms is shown in Fig. 24-10, but many 
other forms are in use. In fact, many serious studies have been made to de¬ 
termine the best forms for the chaml)er. the optimum size of tubing, the ad¬ 
vantages of the binaural form, etc., and electronic ciiruits have l)een devised not 
only to amjdify the sounds collected btit to reconl them graphically. To realize 
fully the potential u.seftdness of the instrument the physician needs special skill 
and also an understanding of thi' transmission of waves in difTerent media. To 
reach the car a vibration originating in a ])articular spot in the bronchial tube.-, 
or in the heart, must travel through a great variety of media and suffer both 
refraction and reflection at each interface before reaching the chambt r of 
the stethoscope. Such vibrations never follow a ‘'bei' line” to the stcliio-coi)e 
chamber. In fact the physician has to learn which of the varioin areas under 
examination distort the vibrations the least, ainl which affect them the most: he 
must be able to recognize special conditions of transmission, due, say, to layers 
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of fat, to bones, to air cavities, or to congestion, and to interpret their effects in 
making his diagnosis. It is of interest to note that the frequencies of interest in 
auscultation lie below 1000 per second, with some murmurs being really below 
the audible range. The higher frequencies are more likely to be lost by multiple 
reflections and refractions as well as by direct absorption. The use of the stetho¬ 
scope, no longer limited to the heart and lungs, may be extended through the 
employment of percussion. It is regularly used in the auscultatory method for 
determining blood pressure. The wide usefulness of the stethoscope is made pos¬ 
sible by the amazing sensitivity of the human ear. 


Problems 

1. Draw on a sheet of graph pa])cr a sine curve representing a vibration having an 
amplitude of 4 cm and a period of 1 sec. Also, on the same axes draw another having 
an amplitude of 2 cm and a period of 0.5 sec. Finally draw their summation or result¬ 
ant curve. 

2. Find the velocity in miles per hour of a water wave that is 300 ft long. What 
would be the length of a wave that has a velocity of 20 mi/hr? (Solve by proportion) 

3. What is the velocity of a compressional wave in a metal rod whose value of 
Young’s modulus is 0.02 X 10^^ dynes/cm- and whose density is 8.56 gm/cm®? (dns. 
3.25 X 10^ cm/sec) 

4. Compute the velocity of sound in hydrogen at a standard pressure and tempera¬ 
ture, assuming the value of y for hydrogen is 1.41 and that its density is 0.0000899 
gm^cm^. 

5. Standing waves having nodes 40 cm apart are set up in a stretched cord by an 
electric vibrator having a frequency of 200 vib/sec. "With what velocity do they travel, 
and what does a meter of the cord weigh, if it is under a tension of 500 gm? {Ans. 
0.191 gm m) 

0. .\ssuming that your radio is 40 mi from a broadcasting station having a fre- 
(piency of 540 kc.^sec, how many waves are “on the air” between it and the antenna 
at an\' in.'tant^ 11 mi == 1.009 km, v = 'SX lO"’ km .sec) 

7. A student walk.« in a direction normal to a hospital wall towards a wing under 
construction near which a gasoline engine throws out exhaust pubes S times per second. 
.\ssuming the velocity of .'^ound to be 1120 ft/sec, what are the first two distances from 
the wall the engine misht be if the sounds heard by the student are apparently free 
from echoes? Include an explanatory sketch. fA«s. 70 ft; 140 ft; 210 ft; etc.) 

8. A bare copper telegraph wire hums in the wind due to a standing wave system of 
20 loops between posts 300 ft apart. What is the fretjuency heard if the velocity of 
the waves along the wire is 1500 ft/sec? 

9. In a Kundt’s tube standing waves having nodes 0 cm apart are set up when the 

temperattire is 17®C. If the velocity of sound at 0°C is 331.4 m/sec, what is the fre¬ 
quency? Find the velocity of sound in the rod if it is 1 ni long. 3793 m/sec) 

10. By what percentage will the vibration frequency of an organ pipe be changed if 
the temperature of a church is raised from 7® to 27°C, assuming that the sound is pro¬ 
duced by a standing wave system in the pipe? Will the frequency of the pipe go up 
or down as its temperature is raised? 

11. An entertaining demonstration of the dependence of the velocity of sound in 
gases on its density may be carrieil out by singing a line or two of a familiar song, 
then taking a few deep breaths of helium gas and rej)eating the song. Find the ratio 
of the corresponding frequencies produced in the two cases. Assume the densities of 
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r\ir and lioliimi arc 1.203 and 0.17S4 gin/1 and their values of y are 1 40 and 1 60 re¬ 
spectively. {/Ihs. = 2.03 ?i.„) 

12. How deep is a well if the interval between dropping a stone and hearing it strike 
the bottom is 3.13 sec, assuming the velocity of sound in air is 1100 ft/sec? 

13. In carr>-ing out an experiment with a Kundt’s tube apiiaratus a student used a 
brass rod SO cm long, clamped in the middle, as shown in Fig. 24-0. Taking the value 
of Young’s modulus for brass as 9.02 X 10" dynes/enr and the specific gravity of brass 
as S.4, calculate the velocity of the compressional waves in the rod and also the fre¬ 
quency of the note emitted. How far apart were the nodes in the tube if the velocity 
of sound was 340 m/sec? {Am. 32S0 m/sec; 2050 vps; 8.29 cm) 

14. If the values of \ 0 ung 3 modulus and of the specific gravities of aluminum, cop¬ 
per, and steel are respectively: 7 X 10", 2.7; 12 X 10", S.O; and 20 X 10“, 7.83; find 

the lengths of rods of each of these materials that would give the same pitch as the 
rod of Problem 13. 


15. If the velocities of compressional waves in steel and in brick are respectively 
16,410 and 11,980 ft/sec, what is the difference in time required for a wave started 
simultaneously in brick and in a steel pipe at one end of a hospital to arrive at the 
other end, 240 ft away? How much later than the wave traveling in steel would the 
wave traveling by air arrive, assuming a velocity of 1100 ft/sec? (T/Js. 0.0054 sec later 
by brick; 0.2034 sec later by air) 
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In the previous chapter sound waves received some attention as an example 
of longitudinal wave motion. As they are of peculiar interest and of importance 
in various practical applications as well as in physical theory they merit further 
consideration. To the physicist sound waves are physical waves, waves in a ma¬ 
terial, and of a range of frequencies to which the car is able to respond. He 
leaves to others the quibble as to whether there would be any sound if there 
were no ear to hear, since that question has to do only with a matter of defini¬ 
tion. To him sound waves arc very real, they have energy associated with them, 
and they can be registered by various types of physical instruments quite as 
well as by the human ear. 

25.1. Sources and Medium. All sound waves originate in the vibration 
of some material substance, and the sound waves produced may be gentle or 
harsh depending on the nature of the vibrations which produce them. The ex¬ 
plosion of a fire cracker produces a sharp, crashing sound due to the very 
sudden production of a considerable volume of gas from the chemicals orig¬ 
inally in the cracker. This gas pushes out in all directions and exerts a sudden 
pressure on the surrounding air, which in turn passes on the disturbance to the 
next layer, and so on until the original energy is all converted directly or in¬ 
directly into heat energy. But most of the sounds in which one is likely to be 
interested are not made by a single pulse, but involve a sustained series of 
vibrations. The sounds of musical instruments, indeed the whole radio program 
with the possible excejition of some of the “sound effects,” offer a wide variety 
of examples of sounds produced by sustained vibrations. The screech of the 
siren, the sound from the buzz saw, the purr of the car engine, the scream of a 
turbo-jet airplane, even the sing of the tire tread striking the pavement, offer 
other illustrations. 

It has been shown that the velocity of a compressional wave in a solid or 
fluid is given by the relation: v = \/E. d, where E is the elastic constant and d 
is the density of the medium. Neither of the factors would have any meaning 
with reference to a vacuous space; indeed it is found that a sound wave cannot 
be propagated through a vacuum. A resiliently suspended electric bell in a bell 
jar of a demonstration vacuum pump cannot be heard after the air has been 
exhausted from the jar. The wide variation in the velocity with material may 
be judged from the table below which gives the velocity of sound for each of 
a number of substances of interest. 

The high velocities in the building materials listed—steel, wood, brick, and 
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Table 2^1. Table op Velocities op Sounds pob Various Substances 



glass—are worthy of note. Also, the low value for lead is interesting, yet under- 
standable. 

25.2. Pitch, Musical Tones, and Noise. For class use the physics laboratory 
may provide such demonstration pieces as shown in Fig. 25-1 in which (a) rep¬ 
resents a siren disk provided with several 


rows of equally spaced holes, and one row 
in wliich they are randomly spaced. If a 
jet of air is directed through one of the 
rows while the disk is given high angular 
velocity by a suitable rotator each puff of 
air that gets through originates a com- 
l)ression wave which advances in a some¬ 
what licmispherical form. The number of 
waves sent out per second is determinetl 
by the number of holes passing the nozzle 
per second. When this reaches 15 to 20 the 
ear will be able to hear a low hum, when 



it reaches 200 to 300 the ear recognizes (a) (b) 

the frequency level as being within the v.n or^i Ar.fK^i r i • 

range of the levels used m conversation. sical sounds of controlled frequency. 
The number of waves striking the car Air jet and rotating perforated 

per second defines the pitch of tlie sound. operated by com- 

If the disk is kept at a constant speed and or steam (c) Disks with 

thc nozzle moved from one row to another vart’s di-k 18301 

the physical pitch of the sound will vary 

directly with the number of holes in the row. If, however, the nozzle is moved 
to the row in which the holes are irregularly spaced the sense of pitch will be 
lost and only a noise is heard. Sounds of a definite pitch aiv known as musical 
tones, while vibrations of indefinite frequencies are classified as noises, althougli 
in common usage noises arc likely to include sounds of any tvi)e that a particu- 
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lar ear dislikes to hear. Fig. 25-1 (b) shows a siren of the cylindrical type. The 
outer cylinder, which is fixed, is the inner wall of an annular cylinder in which 
air or steam is maintained at high pressure. The inner cylinder is free to rotate 
and is provided with slits which match those in the cylinder immediately sur¬ 
rounding it, except that they are given a slant opposite to that of the slits in the 
outer cylinder to enable the escaping pulses to cause the inner cylinder to spin. 
The strong pulses thus created in the inner cylinder are fed into a megaphone 
outlet which may give out a sound sufficiently loud to be heard for miles over a 
water surface. In (c) is shown the classical Savart wheel, or rather four of them 
mounted on a common shaft. A sheet of fiber or cardboard held as shown will 
be caused to vibrate and to send out compressional waves from its faces. The 
number of teeth on the different wheels bear simple ratios to each other, and 
when two or more wheels are simultaneously in contact with the card a pleasant 
musical combination tone is sent out. 

25.3. Forced Vibrations. The tuning fork offers a simple method of produc¬ 
ing a relatively pure musical tone of fixed frequency, so often required for 
laboratory experiments. Its mode of vibration is similar to tliat of a single bar, 
with each end a loop, likewise the middle section, and a node in each prong 
near its base. The prong may be held to the car and its sound used directly. 
However, the fork is likely to be held with its stem against a table top or a 
sheet of glass or metal in order to communicate its pulses to a more extended 
surface and therefore to give the advancing wave a broader front. The table top, 
responfling to imjiressed imises in this manner, is said to be in forced vibration. 
Forced vibrations may be very useful or very objectionable, depending on their 
nature and on circumstances. For example, those of the sounding board of a 
piano, the shell of any stringed instrument, the cone of the loud speaker are 
definitely needed to give the required volume to the sound produced. But the 
vibrations of a car due to a motor with an unbalanced crankshaft, to loose 
fenders or body parts, or to rough roads may be very objectionable; hence the 
engine and some other parts of a car are now mounted on rubber. Many of the 
present-day electric motors have their bearings resiliently mounted. Even type¬ 
writers are mounted on rubber, perhaps also on felt, and the typewriter table 
itself may rest on pads to keep its vibrations from affecting the floor. In modern 
Imildings great care is taken to prevent the vibrations of moving machinery 
from reaching the main structure of the building, through the use of cushioning 
pads of rubber or felt, springs, and the like. Unfortunately those who plan or 
build hospitals do not always keep in mind the importance of isolating elevator 
machinery, air-conditioners, ventilating and kitchen equipment, etc. It must 
be realized that vibrations transmitted to any part of a modern steel-reinforced 
building are propagated to all parts of the structure. 

25.4. Resonance, or Sympathetic Vibration. In the case of forced vibra¬ 
tions the amplitude is unlikely to become appreciable, since the energy of each 
vibration is drawn directly from the source, and the elastic properties of the 
transmitting bodies are not effective in assisting to sustain the vibrations 
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started. In ease the responding l,ody has a natural period of vibration which 
eouesponds to the perio.l impressed on it then tlie effects of individual suc¬ 
cessive vibrations of the vihrator on the responding body are cumulative and 
large vibrations may build up in the latter. In such a case the second hodv 
s said to he 111 resonance with the first, or to have sympathetic vibration; 
If two pendulums of nearly tbe same period are hung from a common support 
01 else have their bobs connected by a light loose cor.l and one is started into 
\ib ation It wi 1 in a short time transfer its energy to the second which in turn 
vill gi\e 1 back to tbe first, the processes continuing until the energy originally 
imparted has been dissipated. If a large mass, say 100 lb, bo hung on a rope to 
form a pendulum one might he able to force it to vibrate in any arbitrary 
manner or period; but a considerable effort would be required unless the period 
impressed is the natural period of the pendulum. But if the impulses given to 
he suspended mass be correctly timed to match the pendulum’s own period, 
hen the i)en(luluin may ac(]uiro amplitudes from tlie aiiplication of very 
hght miinilsos. As a general piinei|)le it can he stated that the forces required 
to make a body vibrate in any particular period become less and less the nearer 
that period is to the natural period of the boily. Hence with a constant force 
aiiphed periodically, large oscillations can be produced only when the im¬ 
pressed and the natural frequencies arc the same. 

The phenomenon of resonance may appear in many and varied forms. .\ iiar- 
ticular note struck on the jiiano may bring a response from an object lying on 
tbe piano or on a table some distance from tbe piano, but no other note would 
produce the same effect. If the loud pedal of the piano be bold down while one 
shouts into the piano case, or simply bangs on tbe case with his hand he will 
be surprised by tbe number of different strings which respond to the imiiressed 
vibrations, indeed he will recognize a close resemblance of their joint effect to 
the original sound, car driven at a critical speed over a “wasli-board” road 
may be badly shaken, even thrown off its course if the vibrations given to the 
car correspond in frequency to one of the natural frequencies of the car. nrivers 
of cars, especially of earlier moilels, may have to avoid particular sjiceds at 
which certain parts of the car fall into syinjiathctic vibration with those origi¬ 
nating in the engine. A ship may be set into dangerous plunging if the period 
of the waves gets near to the period of the ship’s own natural swing, and even 
the vibrations of ber engine may become almost unbearable in anv part of tbe 
ship which has a like natural frequency. iMditary regulations require soldiers 
to break step when marching across a hridge. Large suspension briilgi-s have 
actually been destroyed by being set into violent vibrations through the dirc t, 
action of wind. It appears that some frequencies will cause dogs to howl - and 

some peivsons claim that certain frequencies “jar” their nerves, but this illu'stra- 
tion tails outside the field of physics. 

^\■hile resonance may he quite objectionable in some cases, it can be of great 
u,se in other cases, indeed indispensable, formal speech would be virtnallv im¬ 
possible without the reinforcement and actually the determination of ilie qieecli 
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sounds by resonance. Wind instruments depend almost entirely on resonance or 
forced vibrations, and the radio could not function as we know it except by 
electrical resonance. To illustrate; a tuning fork which unaided cannot be heard 
by a class may be heard easily if mounted on a box whose cavity has a natural 
period of vibration equal to that of the fork. The effect can be demonstrated 



Fig. 25-2. Resonance 
tube of adjustable length 


easily by causing the fork to vibrate over the end of 
an adjustable column of air as shown in Fig. 25-2. It 
is shown in the previous chapter that stretched wires, 
columns of air, etc., can be set into vibration in the 
form of standing waves, but only for certain fre¬ 
quencies for each arrangement or condition. If, there¬ 
fore, the length of the column of air be adjusted by 
raising or lowering the reflecting water surface, a par¬ 
ticular length may be found which will accommodate 
a standing wave system having the same frequency as 
the fork. When such is the case, the fork which can 
contribute but a weak pulse at each vibration may be 
able to set the whole column of air into vibration 


through such great amplitudes as to make it audible at a considerable distance. 
The mechanics of this resonance may be readily explained on the principle used 


in explaining standing waves in a stretched string, in the previous chapter. The 
first compression sent down the tube is reflected by the surface of the water and 
returned to the top. Here an overexpansion takes place, resulting in the forma¬ 
tion of a rarefaction which is reflected down the tube then back to the top. It 


then permits an inrush of air, causing a new condensation which in turn begins a 
second cycle of the same events. It is seen that during tlie complete cycle the 
disturbance travels the length of the tube four times, and if the length of the 
tube is made exactly one-quarter of a wave length of the sound produced, then 
the total distance covered is exactly one wave length. This in turn means that 


it is just in time to unite with a new condensation from the fork, hence the new 
condensation will be a joint one and nearly twice as strong as a single one. One 


period later a third will be added by the fork, then later a fourth, and so on 
until the resultant grows to perhaps a hundred times the strength of the first 
pulse. The limit is reached whenever the total energy loss per period from the 
summation wave is equal to the entire input from a single vibration of the fork. 
Since the entire air column, as well as the fork, is set into vibration, the sound 
produced is many times louder than could be produced by an unassisted fork. 
This explains the effectiveness and usefulness of resonance. 

In the case given the tube length is a quarter wave length, or the wave 
length of the sound produced is four times the length of the tube and is the 
longest wave the tube can produce. The frequency is called the fundamental 
of the tube. It must be obvious that the same perfect coincidence between re¬ 
flected and new condensations would have been obtained had the original wave 


arrived exactly one period later, in other words, if it had then traveled one wave 
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length farther during its movement down the tube and back. This can be 
arranged by increasing tlie length of the tube by one half wave length, as may 
be verified by lowering the water surface in the resonance tube of Fig. 25-2. 
rhe total length is now 3/4ths wave length, but 5/4ths, 7/4ths, and so on, would 
do just as well. If, instead of varying the length to match a particular fre¬ 
quency, the tube were kept constant and the frequency of vibrator changed, the 
tube would give resonance whenever it is A/4, 3A/4, 5A/4, 7A/4, and so on in 
length, where A is the wave length of one of the sounds with which the vibrating 
column can resonate. Since the frequencies vary inversely as the wave lengths 
the frequencies luoduced by the same vibrating column of air would be propor¬ 
tional to the number of quarter-wave lengths within the tube and would be in 
the ratios of 1:3:5:7. ... It is unnecessary that the resonating body be in 
the form of a cylindrical tube; any largely enclosed body of air might serve 
quite as well: for instances, cans, wooden boxes, bottles, jars, and sea shells. 

Many forms of musical instruments, as well as the nasal, mouth, and throat 
cavities, can likewise serve as resonators. 


An open resonance tube would have served for the experiment just as well 
except for the difficulty in adjusting the length. But in the case of the open 
pipe, condensations arc reflected at each end as rarefactions, and vice versa, 
hence the second trip down and back required by a closed pipe is not needed 
and the first resonance length is just a half-wave length, or A/2. Successive 
resonance lengths will be greater by half-wave length increments just as in the 
case of the closed pipe. Hence an open pipe will give resonance when its length 
is lA/2, 2 a/2, 3A/'2, 4A/2, and so forth, and the frequencies which may be pro¬ 
duced by any fixed length of open pipe are to each other as 1:2:3:4. . . . The 


same conclusions could be reached more directly by considering each tube as 
a container of standing waves. A closed end is a node, and an open end, where 
the amplitude of vibration is greatest, is a loop. Thus a closed pipe could ac¬ 
commodate one-half a loop, hence could be one-quarter of a wave in length. 
Since in any standing wave system each loop is a half-wave in length, it fol¬ 
lows that a closed tube might have a length equal to three-quarters of a wave 
length, or fi\e-quarters, and so on, just as concluded from a direct considera- 
tiou. The standing wave systems possible are shown in Fig. 25-3 for both closed 
and open pipes for some of their lower natural frequencies. In the interest of 
simplicity these longitudinal waves are represented graphically as transverse 
waves. A study of the diagrams shown should make it clear why the frequencies 
produced by a closed pipe are in the ratios of only the odd integers, while those 
of an open pipe may have any integral ratio. It should be understood that any 
resonator will respond at any time to any frequency it itself is capable of pro¬ 
ducing, no matter how many of such frequencies may he ‘'on the air” simulta¬ 
neously. The air in a resonator does not belong to one frequency any more than 
to another and in a noisy room it may pick out and reinforce its entire reper¬ 
toire of frequencies. The roar heard in a sea shell in the home is not really the 
roar of the sea, as children may be told, but is entirely of domestic origin. 
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yet it closely resembles the roar that the same shell would give out if at the 
seashore. The earliest method of analyzing a complex sound scientifically in¬ 
volved the use of a series of resonators of known frequencies, listening to each 
in turn and recording the frequencies “discovered” by the resonators. Violin 
makers endeavor to give the violin bodies with enclosed air a broad resonance 
range and, therefore, to secure reinforcement for all pitches impartially. How¬ 
ever, most violin bodies do show a degree of special resonance in the region of 
“middle C” and an octave above. Some violins have a sharp resonance for cer¬ 
tain pitches which, when played, cause the violin to emit an uncontrollable howl 
known as the “wolf note.” The player of such an instrument soon learns to 



Fig. 25-3. (a) The same clof^ed tube ran give resonance 
to frequencies having the ratios 1, 3, 5, 7, etc. (b) An 
open tube can give resonance to frequencies having the 

ratios 1:2:3:4: etc. 


avoid these notes if at all possible. Similarly, but in a reverse sense, soloists are 
generally aware of certain pitches to which they can give resonance easily. The 
number of times these notes appear in their solos may not be entirely coin¬ 
cidental. 

25.5. Beats and Beat Notes. If two tuning forks of like period are sounded 
together, their combination tone will have the same pitch but will be louder. 
If one of these be loaded with a little wax applied to each of its prongs, the com¬ 
bination tone will be a rolling or beating sound, rising to its former intensity, 
then falling nearly to zero perhaps several times a second. Suppose that orig¬ 
inally each fork had a frequency of 300 and that after being loaded the one 
had a freciuency of 298. When sounded together the two forks will agree in 
phase twice each second, but will be in opposite phase just as often; and 
there will be corresponding variations in amplitude from their sum to their 
difference, or to zero if they are of like amplitude. In other words, the two 
sounds interfere mutually and produce beats. Had the frequency of the one 
fork been reduced to 294, then 6 beats per second would be heard. In general 
the number of beats heard per second gives an accurate measure of the dif¬ 
ference in frequency between the two tones and offers a means of determining 
the frequency of an unknown when it is near to that of a frequency standard. 
A graphical explanation of the formation of beats is given in Fig. 25-4. It 
readily will be seen by inspection that the ordinate of the third curve at any 
point is the vector sum of the ordinates of the first two curves at the same 
point. Throughout a considerable range of notes in the upper bass of the piano, 
the hammers each strike two wires, and in the treble three, intended to be 
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at the same pitch. If one has become loosened, then the sound produced will 
have a roll due to the beats, and the unideasant sound warns the player that 
the note is out of tune. The piano tuner makes use of beats to test the correct¬ 
ness of the tension on the wires and to check intervals on the keyboard. When 
two tones diflfer in frequency by, say, 25 (or more) then the beat frequency, 
will be 25, which is itself in the range of the ear, and will be heard as a dif¬ 
ferential or beat tone. If a certain note has a frequency of 200, its octave will 
have a frequency of 400. When sounded together there will be a beat frequency 
of 200 which will combine in unison with the lower frequency. But if the upjier 
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Fig. 25-4. Two simple music.al sounds of nearly the same frequencies and amplitudes 
produce beats having a frequency equal to their difference in frequency 

were incorrectly tuned at 398, then the beat tone will have a frequency of 198 
which will produce with the lower note 2 beats per second, and thereby give 
an indication of improper tuning. Police and referee whistles are generally 
double-barreled and give a beat frequency much more effective than the com¬ 
bination of two such high-pitched whistles could give if in unison. To get an 
equally low-pitched single whistle would require a whistle of awkward dimen¬ 
sions. Although discussed in a later chapter, mention should be made of the 
great use made of beat tones in radio “heterodyne” reception, for it has made 
possible high selectivity and great sensitivity, as well as a reduction in both 
the size and the cost of radio sets. 

25.6. Doppler Effect. Whenever the distance between an observer and a 
sounding body is being changed, the apparent pitch of the source is different 
from the pitch which would normally be observed if this distance were fixed. 
This phenomenon is called the Doppler effect in honor of Christian Doppler 
(1803-53) who, in 1842, first worked out the basic theory. The pitch of the 
whi.stle on a locomotive approaching an observer at high speed drops suddenly 
and quite considerably as the locomotive rushes past the observer. The effect 
is just as easily observed on our highways when automobiles go by at high 
speeds, and the whirr of airplanes flying low over the observer suffers an even 
greater drop in pitch. A similar change in pitch is observed if the sounding bodv 
is fixed but the observer rushes by. Each of these cases may be readily under¬ 
stood by a study of the diagrams of Fig. 25-5 in which (a) deals with the case 
of a moving observer and a fixed sounding body, and (b) with a fixed observer 
and a moving source. Considering fa). imagine the observer, E, to be stationary 
at a distance F, the velocity of sound, from the fixed body S. In one second he 
would receive the n waves which are between S and E, where n is the frequency 
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of jS. By moving a distance, v, during the second he would receive as many extra 
waves as are within this distance, or the fraction v/V of the total produced 
per second, that is, vn/V in addition to the number normally received when not 
in motion. Thus it is seen that the observer will receive a total of n' vibrations 
per second where n' is given by the relation: 



V 

— n = n 


{V±v) 

V 


The + sign is to be used when the observer approaches the source, and the 
— sign when receding from it. 

In (b) the motion of S to the position S' during the unit of time actually 
shortens each of the waves produced since the entire number of waves pro¬ 
duced during the second, n, are crowded into the space V — v. The length of 
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Fig. 25-5. Graphical explanation of Doppler’s principle. A higher apparent frequency 
results from (a) moving the ear toward the source, S, and (b) moving the source 
toward the ear. Relative separations lead similarly to lower frequencies (see also 

Fig. 37-6) 


the modified wave is, therefore, {V — v)/n. Since the frequency heard by the 
fixed observer, E, is the velocity of sound divided by the modified wave length, 
the frequency actually heard is given by the relation: 

/ _ _ Vn 

" ~ (l'=F v)/n~ i; 

The — sign is to be used when S is approaching E, and + when it is receding. 

While the Doppler effect was discovered in association with sound waves it is 
applicable to all types of wave motion and has played a very significant role in 
astronomy, where it is yielding information not otherwise available. The motion 
of distant luminous bodies such as stars toward or away from the earth will 
cause a corresjionding increase or decrease, respectively, in the apparent fre¬ 
quency of the radiation emitted, and the velocities of the bodies can be 
calculated from the magnitude of the shift in frequency. An example of a 
Doppler shift is given in Fig. 37-7. 

25.7. Ultrasonics. Sound frequencies above the limits of the human ear are 
classified as supersonic or ultrasonic, although their lower frequency limit 
is not definitely fixed. For convenience they may be considered as including fre¬ 
quencies from 20 kc to 1000 kc. In a liquid in which their velocity is 1200 m/sec, 
this means wave lengths from 6 cm to 0.12 cm. While knowledge of their 
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Fifi. 2;)-G. Seheiniitic method 
of producing ultrasonic vibra¬ 
tions 
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MweT.! nf"’, the lack of a faifTicicntlv 

V 1? r ami application,; 

be potib rr • •’■S'-f-'l-'ncy radio tube circuits it has 

uttome possible to discover some very strik- 

ing properties and to make valuable practical 
use of supersonic radiations. During the last 
war they were used for signaling to our sub¬ 
marines and also in the detection of enemy 
undersea craft or objects. Their usefulness is en¬ 
hanced by their rectilinear propagation; because 
of their short wave length they do not spread 
out in the manner of orilinary sound waves. 

The more widely cinplovcd of the two mctlmflc „ j • 
of ultrasonic radiation makes use of the electronieali; inJS vi'b“^^^ 

quartz crystal placed beneath a liquid, 
usually oil, in the manner indicated in 
I’ig. 2o-0. Pierre Curie discovered in 
1880 that certain crystal slal)s, if prop¬ 
erly cut with respect to their axes, de¬ 
veloped opposite charges on their two 
oiiposite faces when subjected to me¬ 
chanical pressure. The converse likewise 
Iiolds; ojiimsite electrical charges placed 
on the opposite faces cause a contraction 
of the crystal, from which it follows 
that a crystal can be made to oscillate 
by the apjdication of an oscillating elec¬ 
tric field to the crystal. By making the 
frequencies of the electrical circuit and 
of the crystal agree, resonance can be 
brought into play and really violent os¬ 
cillations produced. 'When the crystal is 
in strong vibration the oil above it may 
rise up in the form of a mound several 
inches high; a glass rod, held with one 
end in the oil, may be melted if tiie top 
end is first softened by a flame enough 
to ensure absorption of the waves; a 
mouse, or other small animal, or an in- 

k,lIrd. Some ehvnuoal proccs.=o,. arc greatly accelerated; colloi.lal particle, nmv 
be brought ,nto aggregates, simply by placing tbeir tiun-botto.ncd container in 
be l-emn of snperson.e radiation, a.s shown. It appears that all protozoa, except 
pos.s.bly the very small ones, are readily killed and red blooil corpuscles are 



kir,. 2f>-7. ( ommcrcial model of an ul¬ 
trasonic generator (Courtesy of Gen¬ 
eral Electric Co.) 
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destroyed. Milk can be homogenized. It is believed that the destruction of cells 
is due to the formation of minute gas bubbles through cavitation; that is, by the 
formation of cavities within a liquid due to tremendous pressure difference and 
the quick shifts between the crest and the trough of a wave. Gases dissolved in 
the fluid of the cell, or other fluid, simply escape into the cavities thus formed 
and build up minute bubbles. The specific action of the radiations on the various 
tissues of the body are under study. Before falling to half its initial intensity, 
an ultrasonic beam of 800 kc will penetrate 4.9 cm into a fat-plus-muscle sub¬ 
stance, but a beam of 2400 kc radiation falls to half value in 1.5 cm in the same 
material. The penetration into fat alone is about 40 per cent greater, into 
muscle 25 per cent less. The possibility of their use in cancer therapy is under 
investigation. 

Ultrasonic generators are now available commercially. One which was de¬ 
veloped by the General Electric Company is shown in Fig. 25-7. The experi¬ 
mental cup in which the ultrasonic radiations are generated is shown on the 
top of the generator cabinet. 


Problems 

1. How wide is a lake at a point where the sound made by striking the water with 
an oar on one shore is heard directly across the lake 4 sec earlier by water than by 
air on a day when the velocity of sound in air is 1100 ft/sec? (i4ws. 1.08 mi) 

2. In a Kundt’s tube the distance between nodes with air in the tube is 9 cm. What 
would be the distance if the air wore replaced by hydrogen, assuming both are at 
0°C? What is the frequency emitted? 

3. What are the two lowest frequencies a closed bass organ pipe 5 ft long would 
emit in a room in which the velocity of sound is 1100 ft sec? {Ans. 55 vib/sec; 165 
vib/sec) 

4. What would be the two lowest frequencies the pipe of Problem 3 would emit if 
its closed end were opened, under the assumptions made? 

5. A man standing beside a fence observes a man driving staples over the fence 
wire a half mile away. How long will it take the sound to be heard by air after the 
wire is struck, assuming the temperature is 0®C? How long by the sound transmitted 
along the wire? (Ans. 2.43 sec; 0.161 sec) 

6 . At one end of a hospital a steam pipe keeps banging. Plow long will it take each 
bang to reach a patient at the other end of the building, 280 ft away: (1) by air, 
(2) bv the iron pipe, and (3) by the brick wall? Take the velocity of sound in air 
as 1100 ft/sec. Incidentally, the threefold reception of the noise makes it all the more 
irritating to the patient. 

7. A siren disk (see Fig. 25-Ua)) is arranged so that the puffs of air getting through 
the holes of the disk pass into an open tube just back of the disk. How many revolu¬ 
tions per minute must the disk make to produce a standing wave system which in¬ 
cludes three nodes within the tube if the tube is open at both ends and is 5 ft long, and 
if there are 40 holes in the row being used? .-Vssume the velocity of sound is 1100 
ft/sec. Include a diagram of the wave system similar to Fig. 25-3(b). (Ans. 495 rpm) 

8 . Through what frequency range does the pipe of an organ on a merry-go-round 
seem to var>' if the organ on it is moving in its circle with a speed of 15 mi/hr and the 
pipe has a normal frequency of 420 cps? A.ssume the listener is (a) on the merry-go- 
round, (b) at some distance from it, and that 1100 ft/sec is the velocity of sound. 
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9. A passenger on a plane is flying toward a factory whistle whieli gives out a fre¬ 
quency of 200 cps. If his speed is 240 mi/hr, what pitch does he hear (a) as he ap¬ 
proaches the whistle, and (b) after he passes it if the velocity of sound is 1100 ft/sec? 
(A/(s. 264.2 and 136 vib/sec) 

10. What is the wave length in centimeters in air at 0°C and in water of a super¬ 
sonic beam sent out at 120 kc/sec? 

11. Show algebraically by combining the two equations for the Doppler effect that 
to a person riding on a train the whistle has the same pitch whether the train is mov¬ 
ing or not. 

12. Using the velocities of sound given in Table 25-1 for air and hydrogen at 0®C, 
find their velocities at 20°C. (See Chapter 24.) A closed organ pipe tuned in air at 
20°C to a pitch of 200 vib/sec would have what pitch in an atmosphere of hydrogen 
at the same temperature? 

13. Compare the velocity of sound in air with its velocity in water vapor, as given 
in Table 25-1. How would you explain the observed difference on the basis of the 
molecular weights concerned? What effect would the introduction of a humitlifier into 
a church have on the pitch of the pipe organ? Would harmony of the music produced 
be impaired (a) if all notes were produced by pipes, and (b) if the upper notes were 
produced by reeds? (Ans. 0.825) 

14. What is the speed of the waves along a cord stretched over two bridges 80 cm 
apart if the fundamental tone produced has a frequency of 50 vib/sec? Find the tension 
on the cord if it has a mass of 0.04 gm/cm. 

15. One of two piano wires supposed to be tuned to 240 vib/sec became so loosened 
that 4 beats per second were heard when they were sounded. What is the pitch of the 
loosened wire, and by what per cent must its tension be increased to bring it back 
into unison with the other wire? {Ans. 3.5%) 

16. What is the length of the pipe mentioned in Problem 12? What would he the 
frequencies of the first three overtones likely to accompany the fundamental tone? 
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Physical Basis of Quality of Musical 
Sounds 


26.1. The Recording and Reproduction of Sounds. It was in 1859 that 
the physicist Koenig obtained on his “phonautograph” a tracing of a sound 
wave, and thereby initiated a series of many experimental studies on the wave 
form of sound waves. He made use of a large cone to collect and intensify the 
sound from a suitable source and to direct it on to a diaphragm at the small end 
of the cone. The movements of the diaphragm were magnified by a lever arm 
carrying a stylus which rested on a rotating smoked drum. This stylus left a 
tracing on the drum which advanced along its axis as it turned. The tracings 
thus obtained revealed the complex nature of sound waves and made possible 
a study of some of their components. In 1877 Thomas A. Edison opened a new 
epoch in the study of sound with his invention of the phonograph, an early 
form of which is shown in Fig. 26-1. From the standpoint of general interest it 
was the most sensational of his inventions, and its possibilities were at once 
recognized by both scientists and the public at large. As in the case of Koenig’s 
ai)i)aratus sound was collected by a large cone and directed to a diaphragm at 
the small end. A stylus attached to the central point of this diaphragm rested 
lightly on the tinfoil coating of a cylinder which was caused to move forward 
as it rotated by a fine thread cut into the axle. As the stylus cut a spiral groove 
in the tinfoil it was made to go deeper or shallower in accordance with the pres¬ 
sure of the sound waves striking the diaphragm. 

To reproduce the sound one had merely to run the same, or preferably a 
smoother stylus over the same groove. The “hill and dale” groove caused the 
diaphragm to reproduce the sounds originally recorded. It is important to note 
that the oscillations recorded by Koenig caused lateral vibrations of the stylus 
point, as do most of the phonograph recorders of the present day, but Edison 
retained the vertical mode even in his subsequent commercial disk phonographs 
which used a diamond stylus for both recording and reproducing. The Edison 
Dictaphone used in offices for recording dictation employs wax recording 
cylinders which can be “shaved” repeatedly to remove transcribed records and 
thereby to make it possible to use the same cylinder a great many times before 
it becomes too thin for further use. 

26.2. Some Physical Aspects of Recording and of Reproducing Sound. 

It must be obvious that the resonance frequencies of the collecting horn and 
the inertia and the natural frequencies of the diaphragm and stylus mechanism 
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must unavoidably introduce distortions into the record uiul tlicreforc into tlio 
reproducer later. In fact neither tiic very low nor the very high pitches could 
be either recorded or reproduced proi^eiiy, atnl the poor acoustical {piality of thi‘ 
rooms in which the master records were made caused a l)hirring of the record 
due to the addition of a considerable amount of reverberation. However, users 
did not realize how inferior the records were until the i)resent«day electrically- 
made records, produced in acoustically treated rooms, came into geiuMal ust'. 
Since the energy required to secure large amplitudes is sujiplied by electrical 
power lines the cutting stylus may be made very light and therefore responsive 
to a wide range of frequencies. No horn is used to collect sound, hence no dis¬ 
tortions due to horn-resonance are introduced. The ])rocess of mahing a recoid 
includes c\itting on a suitable wax disk an inwardly spiraling groove incorpoiat- 



I'k;. ICdboii's oriirm;d plionoi:r;\i)li (From Mcndciiiviil. V.vc. Kex^. .iml Sution. 

('olldji PhtisK's, courfC'-y (if 1). ll(’;ilh iV <'o ) 


ing all the intricate displacements of the stylus maile ihiring the recording. 
The groove mu>t be (|Uite as tortuous as the curve one would get by adding all 
the different wave components and thereby obtaining a summation (nirve; in 
fact it is a close replica since the adding is actually done electrically. Wax 
disks have no commercial use as a permanent record since tlu'y are too suit, 'I'o 
make a master lecord from which duplicate masters can b(“ mad(‘, and finally 
records for sale, the original wax record is given a coating of liiu' graphite, ju-i 
barely enough to make its surface conducting, and then copper plateti m an 
electrolytic i)lating bath. After this copjter laycn- has been suitably backed ii 
can l)e used repeatedly in a hydraulic pivss to rejiroduce tlie oiieinal mai.)\a^ 
in ])ernianently hard pla.-^tic or other disks. 

Present-day n'production is likewi.M' carriial out with vibraliim part' ha\inL:; 
almost negligible inertia; hence thew are abh' to follow the gmovr with hiah 
fidelity. Tins is possible because the “pick up” is not resj)ou'ibli‘ for supplying 
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the ncccssarj^ volume—the amplifying electronic circuits take care of that part. 
The principles of the pick-up head, whether electrostatic, electromagnetic, 
I)iezoelectric, or some other type will be better understood after a study of 
electricity has been made. It is sufficient to state here that the necessarily feeble 
electrical oscillations produced in the head of the tone arm are so strongly 
amplified before being fed into the loud speaker that they can provide the de¬ 
sired volume. 

There are also several other ways of recording sound, each having its suitable 
means of reproduction. It is found that a steel wire or ribbon can be magnetized 
to intensities proportional to the intensities of the sound waves as it is run 



Fig. 26-2. (cT) Photograph of a section of a phonograph record showing nature of 
grooves (From Dull’s Physics, courtesy of Bell Telephone Laboratories), (b) Typical 

sound track with corresponding sjieech sounds indicated. 


through a suitable electromagnet carrying the amplified microphonic current. 
When such a ribbon is run through the electromagnet subsequently oscillations 
in electric potential are produced which can be utilized, after adequate amplifi¬ 
cation, in a loud speaker. The regular equipment includes means of demagnetiz¬ 
ing the ribbon so that the same one may be used an indefinite number of times. 
Sound may be recorded also on a moving photographic film either through 
varying electrically the intensity of a light source with the intensity of the 
.sound being recorded, or else by vaiying the ■width or length of a very fine 
slit in accordance with the sound intensity, and passing light from a strong 
source through the varying slit onto a moving film. Whichever means is used in 
recording the sound on the film reproduction is accomplished through passing 
a directed beam of light through the “sound track” on the film, and into a 
])hotoclectric bulb. The intensity of the photoelectric current will vary as the 
light intensity, therefore as the original sound intensity. Present-day “talkie” 
films have an easily observed sound track along one edge of the film. In 
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PROJECTION OF S>OUND WAVES 

Fig. 26—2 arc shown (a) a magnified view of a small portion of a phonograph 
record, and (h) a “sound track” on a movie film. (See also Fig. 52-3(h).) 

26.3. Projection of Sound Waves, Interest in the study of sound waves was 
revived by Dayton C. Miller, who developed a means of projecting on a screen 



Fi(i. 26-3. St’lieinntic diagnnn of an early form (tf D. C. Millers i)honodeik, Sound 
vil>rntions concentrated on the liiaphragm cause it to tip the mirror, thus giving a 
rellected ray of light detlections proportional to the am])litudc of the vibrations 

(Adapted) 
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or on a film a sufficiently large image or “picture” of the sound waves to permit 
an accurate determination of the components entering into the comhination 
wave thrown on the screen. The components of his apparatus and their arrange¬ 
ment arc shown diagrammatically in Fig. 26-3. Sound waves entering the 
collecting cone impinge on the diaphragm D and cause it to vibrate in con¬ 
formity with the pressure variations due 
to the sound waves. Tlie oscillations of 
D are converted into angidar oscillations 
of a small minor, M, mounted on a 
very light shaft, by means of a light 
fii)er i)assing from D to the shaft which 
it encircles, and then to a s])ring, il, which 
keeps the fiber taut. Light from a very 
fine but intense source is passed through 
a lens, A, which concentrates it on M. 

This reflects it to its focal plane which co¬ 
incides with th(' plane of a photographic 
film. F. With /■' stationary only a ver¬ 
tical line image having a length of twice 
the ami)litude of its oscillation is secured, 

but when the film \ i given a steady motion forward as the vil)rations take jdace 

they are automatically given a time axis and a curve similar in naturi' to that 

shown in Fig. 24-2tcl is ol)taincd, ami much le>s lal)oriou>ly. If iii'fiad of 

using a film the reflected beam is imule to strike a rotating mirror >o phuad as 

to throw the reflected rav onto a screen the wave form mav he \ iewed hv a 

* • ' 

large group simultaneously. In Fig. 26-4 is shown tlie wave form of a typical 
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Fig. 26-4. Typical speech \vave.s 
(.\dapted from Fletcher, Speech (inJ 
Hearing, D. \’.in Xolraiid Co., Inc l 
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speech sound. The frequencies in the different portions can be judged by com- 
l)arison with the 500 cycle wave. Musical sounds from a piano are represented 
by the curves shown in Fig. 26-5. The waves clearly show that the manner of 
striking the wires has much to do with the quality of the tones produced. 

AVith the development of the versatile cathode-ray oscillograph it is now 
possible to obtain directly on the fluorescent screen of the cathode-ray tube 
practically any wave form, either for direct observation or for making a photo¬ 
graphic record of the wave for more detailed study. Higher fidelity is realized 
since the action is immediate and the curves obtained are free from any dis¬ 
tortion resulting from mechanical inertia of moving parts, since there are none 



Fig. 26-5. Typical musical sound. Piano, with "cushion” touch (upper) and “rebound” 
touch (lower) (From Culver, Musical Acoustics, courtesy of The Blakiston Co.) 

outside the microphone. (Read Section 51.8 and see Fig. 51-6, re oscillograph.) 
26.4. The Analysis of Sound Waves. Except in the case of the tuning 
fork it is almost impossible to get a simple sine wave from any musical instru¬ 
ment. Xor would we wish to from the standpoint of quality, for we have be¬ 
come so accustomed to complex waves that a simple sound is hardly satisfying. 
However it lias been found that practically any musical tone or any vowel 
sound can be analyzed into its components, and the relative strength of each 
determined. By components is meant a group of simple, sine-wave sounds so 
related in fretpiency and in amplitude that their joint effect is the sound heard. 
Formerly this was possible only by the very tedious process of determining 
which of a long series of resonators respond to a complex sound, or by sub¬ 
mitting a complex curve representing the sound to a mechanical analyzer of 
some type. At iiresent we have a variety of electrical circuits which can serve 
as continuously adjustable filters and one can find not only the component 
frequencies but their relative intensities and durations. To illustrate: a wave 
of tl)e form shown in Fig. 26-6(a) when passed through the filter as indicated 
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might yield a simpler curve for each setting of the filter, assuming the filter is 
adjusted to suit one of the component frc(piencies. Tlie Bell Telephone labora¬ 
tories have developed equipment for making visible simultaneously and con- 
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Fig. 20-6, fa) Schematic method of picking out the vnriou.'? component.': of a complex 
wave, (b) Schematic diagram of a method of producing directly on a moving belt cf 
phosj)hor sjTcech pattern.'^ corrc.-=:ponding to speech sounds as they are being spoken 
These can be inter[)reted by the deaf (After Potter, Kopp, and (ireen, Visthfc >//rcr//, 

I). Van Xostrand (’o., Inc.) 


tinuously the outputs of 12 different frequency band filters into which 
modulated currents produced by speech or musical sounds are |)a>se(l. ii>ing the 










240 


J^IIYSICAL BASIS OF QUALITY^ OF MUSICAL SOUNDS 


The results of sound-wave analysis have fully confirmed all conclusions made 
with respect to wave motions and their combinations in the chapter on wave 
motion. For example, the sound produced by a violin string being put into 
vibration by a bow shows that simultaneously it carries not only its funda- 





Fin. 20-7. (a) Typical wave from a violin O strins when unmuted (upper) and when 
muted I lower), (bj .'^ound .spectra of (a) (From Fulver, Musical Acoustics, courtesy of 

The Blakiston ('o.t 


mental frequency but also the frequencies produced when some of the other 
possible standing wave systems are luesent. It shows clearly what tlie ear 
easily recognizes, that the resultant wave form depends critically on the 
emj)ha>is given to the various ])ossil)le modes of vibration through the artist's 










THE SYNTHESIS OF MUSICAL SOUNDS 



control of the bowing with respect to tlie position of the bow, its pressure, and 
Its speed across the strings. Thus the pliysicist brings to liglit the physical 
basis for the quality of the music of tlie violinist. It has been found instructive 
to represent m a graphical way the result of the analysis of a particular sound 
\\a\e. For such an analysis it is essential for a particular tone to be sustained 
sufficiently long for its various standing wave systems to become established, 
but this condition is nearly always satisfieil in tiie case of musical sounds, and 
in the sounds of the vowels in speech. If, for example, one were to analyze the 
sound of a violin represented in the wave form given in Fig. 26-7(a), he would 
find the frequencies as well as their intensities indicated in the “sound spec¬ 
trum of (b). Sound spectra can be obtained similarly for vowel sounds. An 
analysis of the wave form for any other instrument, even played on the same 
pitch, would show a decided difference in the overtones, the name generally 
given to the higher frequencies emitted along with the fundamental, present, 
and also considerable differences in the relative intensities of any harmonics 
which may be in common. That characteristic wliich enables one to distinguish 
one sound from another of the same pitch is called quality. When a musical 
note includes little besides the fundamental it is soft and pleasing, but rather 
lifeless, while one ricli in harmonics is brighter and more interesting. Most 
musical instruments produce notes carrying higher frequencies which are in¬ 
tegral multiples of the fundamental, tliat is, harmonics, and because of this 
they are likely to form pleasing combinations with other notes of the ordinary 
musical scale. Bells, however, emphasize higher frcqvicncics which are not all 
integral multiples of the fundamental (called overtones); hence, the music 
written for bells generally calls for but one, or at least very few notes, to be 


played at a time. 

26.5. The Synthesis of Musical Sounds. In Fig. 26-8 arc shown a number 
of sound waves made by three different musical instruments, along with their 
corresponding sound spectra. It is at once apparent that their differences in 
quality have a very definite physical basis. It would appear to be possible to 
form synthetic musical soumls which should closely imitate the musical sound 
from any instrument by simply combining the particular frequencies and in¬ 
tensities indicated by the sound spectrum of the original sound. It would re¬ 
quire merely a liank of generators of simple sound waves having frequencies 
bearing integral ratios to each other, with means of controlling the loudness of 
each. This was successfully accomplished by the earlier research workers 
through the use of an elaborate series of tuning forks or of organ pipes, but it 
was a laborious undertaking. Present-day electronic circuits make it possible 
very closely to imitate almost any musical note merely by pressing keys. There 
are several commercially produced musical instruments, such as the Hammond 
organ, which are al)le not only to iinitate many different musical instrunnmts, 
but to create new effects through the blending of different freciuencies hv the 
use of cross-connecting stops, whicli could not possibly he made with an 
ordinary pipe organ. Composers and orciiestra leaders alike arc alive to the 
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Fig. 26-8. The analyses of musical sounds f.\fter Fletcher, Speech and Hearimj, 

D. Van Nostrand Co., Inc.) 
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possibility of enriching the tones produced through the addition of notes agree¬ 
ing in frequencies with the harmonics of the lower notes being played; also 
some leaders inject more life than harmony by stressing very high frequencies. 
A note on the piano is made by mechanically causing a felt hammer to strike 
the string, or strings, tuned to produce the desired note. If the hammer strikes 
too near the mid-portion of the string, too much emphasis is given the funda¬ 
mental and lower harmonics—the tone is soft but lifeless. If the hammer strikes 
too near the end, the higher harmonics are stressed—^the tones are harsh and 
do not blend well with other notes. If the hammers have become hardened, such 
high frequencies are produced as to give a metallic sound. If a note is out of 
tune, it not only fails to blend with other notes in the usual manner but all its 
harmonics are likewise off tune, an even more serious matter. 

26.6. Physical Basis of Musical Scale. The siren disk shown in Fig. 25-1 (a) 
makes possible a simple demonstration of the physical basis for the common 
musical scales. The disk usually contains rows having 24, 30, 36, and 48 holes, 
respectively, the frequencies are therefore in the ratio of 4:5:6:8. The simplest 
ratio is between the first and the last, that is, 1:2. When these are sounded 
together the upper is in unison with the first harmonic of the lower, and the 
combination is the most pleasing of all. The interval between two notes having 
the ratio of 1:2 is known as the octave. The next simplest combination is the 
4:6 or 2:3 ratio known as a fifth. Here again the two notes will have many 
harmonics in common, and this combination, also, is a very pleasant one. It is 
a general principle that the simpler the combination ratio the more pleasant 
the resultant sound whatever the musical education of the listener. By running 
the disk at a number of different speeds it easily will be demonstrated that the 
4:5:6:8 combination is pleasing no matter what the actual frequencies are. To 
the vocalist the notes are do, mi, sol, do, whatever the speed. These intervals, 
then, should furnish a suitable foundation for the building up of a musical scale. 
Such a scale was actually introduced nearly four centuries ago and, still in use 
today, is known as the major diatonic scale. The entire octave of a scale can be 
constructed on the basis of the major tetrad just given in which the 4 represents 
the first or the keynote of the octave, by including two triads based on the 
4:5:6 ratios. It is possible to avoid fractions by using larger numbers for the 
purposes of calculation, the smallest set making this possible being the num¬ 
bers 24:30:36:48. A major triad built on 36 would have, corresponding to the 
4:5:6 ratios, the frequencies 36:45:54. But 54 falls into the next octave, so for 
a corresponding tone in the octave being constructed one takes the octave below 
54, or 27. For the remaining triad one calculates downward from 48 and finds 
that 32:40:48 have the proper ratios of 4:5:6, and thus the complete octave is 
built up. For convenience these numbers and relevant information are given in 
tabular form. 

The scale notes chosen begin with middle C on the piano since only the white 
keys of the piano are needed for the “key of C.” The frequencies chosen are 
those of the “International Pitch’^ now in general use and based on 440 for A, 
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Triad Ratios. 

Vocal Notes (VMmtever tlie 

Frequency). 

Scale Notes. 

Frequencies. 

Ratio of Frequency to tliat 
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the chosen keynote for the whole musical scale of frequencies. For many years 
there were wide variations in pitch chosen as standard for different countries, 
and they led to a great deal of confusion among instrument makers as well 


as musicians. The physicists have fairly generally held to the use of 256 as the 
frequency of middle C, and most of the tuning forks in the laboratories are 


numbered on this basis. The student should build up the physical scale by 
starting with 256 as middle C and then calculating the frequencies for the other 
keys by means of the basic ratios listed above. 

An examination of the table shows that the ratio between the fourth and the 
third notes and also between the eighth and seventh notes is 16/15 or 1.067. 
while for other similarly successive notes the ratios are either 9/8 (1.125) or 
10/9 (1.111). The latter intervals are known as whole steps (or tones) while 
the former are half-steps. It is seen that the octave includes five whole steps and 


two half steps, with the half steps coming after the third and the seventh notes. 
If one wore to use some note other than C as the keynote for an octave it is 
obvious that the half steps would come at the wrong place in the scale. For 
example, consider G as the keynote. The frequencies for the white notes for the 
G to G' range may be obtained from the froiiuencies given in Table 26-1, those 
for E', F', and G' by multiplying each of the values for E, F and G, respectively, 
by 2. The other corresponding frequencies required in the key of G are calcu¬ 
lated by multiplying 396 by 27/24, 30/24, 32/24 and so on (taking the integer 
nearest to the product). 

A comparison of the two sets of numbers shows that the frequencies of 
the notes in the key of C are exactly tho.«e required for the key of G with but 
two exceptions. The two values of are not quite the same but near enough 
that a compromise value between them would give a value acceptable for either 
scale. Their difference grow.^ out of the .flight difference in the whole step> 
of the major diatonic scale. 9/8 and 10/9. But the value of F' required for 
the G scale is about halfway between the F' and the G' of the C scale, hence 
it is necessary to jirovide a half .step at tliis point by introducing a new note, 
Fj (called “F sharp”). This accounts for the black key introduced between 
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Table 26-2. Frequencies of Certain Scales 
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the white keys, F and G, on the piano keyboard. It must be obvious that if each 
note in the key of C, and each black note introduced were in turn used as the 
keynote for a major diatonic scale each of the original whole steps eventually 
would have to be split into half steps in order to have a half step available at 
each of the points in the scale where a half step is required. There were five 
whole steps, hence there are five black notes added to the original eight white 
notes of the octave for the scale of C. With these five extra notes provided it 
becomes possible to select any black or any white note as the keynote. The 
calculations will show that in some cases it is necessary to raise a note, as in the 
case of F above; and in other cases, as in the key of F, it is necessary to lower 
the original note, in this case one uses a lowered B, that is, B\, (called “B flat”). 
This means that the black notes really have double names, as indicated in 
Table 26-2. The arrangement of the black keys on the piano should be familiar 
to all. Thus it is seen that the octave involves a total of 12 half steps, but a 
complete set of calculations would show that the frequency for each note will 
have to be a compromise, just as in the case of A in the illustrative calculation 
given above. Indeed it would require 72 notes per octave to avoid compromising, 
an impractical number. A violinist can avoid having to compromise so much 
through skill in fingering, and a trombonist has complete control; but on in¬ 
struments having fixed notes, such as the piano or organ, the compromise must 
be made by the tuner. Since there are 12 half steps in the octave exactly equal 
intervals would be obtainable by making the common ratio between successive 
keys the twelfth root of 2, which is 1.0595. A scale built up on such a basis is 
now in general use, and is known as an equally tempered scale. The fre¬ 
quencies are included in the above table for comparison. On such a scale only 
the interval of the octave is correct, the third note is somewhat high, or “sharp 
and the fifth somewhat low, or “flat.” In spite of imperfections the equally 
tempered scale is in general use, and even the freedom of the violinist and of 
the trombonist is taken away if they wish to have the accompaniment of a 
piano or other fixed-key instrument. 
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Problems 


1 Build up an octave, using F (352) as the keynote and find which "white” note 
must be altered, using either the basic ratio numbers of the major diatonic scale or 
the triad ratios. {Ans, Bb 469 vib/sec) 

2 Similarly build up on the major diatonic scale an octave beginning with Eb (311 1) 

as the keynote. Check your frequencies against the C scale. Are the needed alterations 
“flats” or “sharps”? Name them. 


3. Taking 40 and 60 as the frequencies, respectively, of a bass note and the “fifth” 
m its octave, find the first five harmonics of each and list those in common. In how 
inany cases would the beat (difference) frequency be 20? Point out two cases in which 
the combination (or summation) frequencies equal certain harmonic frequencies. 
[Ans. Four beat tones of 20 vib/sec) 

4. A certain piano string is tuned to Ci or 132 cycles per second (cps). What are 

the frequencies of the first three harmonics, and what notes are they? (Check against 
the tables given.) 

5. A closed organ pipe is tuned to C, or 132 cps. What notes are the first two har¬ 
monics, and what are their frequencies? (A/ 15 . 396, G; 660 E') 

6. The pitch of an organ pipe in a cold church building was found to rise by a 
quarter tone (ratio 1.03) when the temperature was raised to 22“C. What was the 
initial temperature of the church? 

7. A train whistle is actually sounding E as it approaches a station where a listener 
hears it as F. Find the velocity of the train in miles per hour assuming the velocity 
of sound is 1100 ft/sec. (Ans. 46.7 mi/hr) 

8. Assuming the D string of a guitar is tuned to 297 vps, what are the frequencies 
of the other strings if the six strings are E,, Ai, D, G, B, and E'? 

9. Calculate the frequency ratio—that is, the interval—between C and F on an 
equally tempered scale. What would it be on a major diatonic scale, using C as the key¬ 
note? (A/15. 1.335; 1.333) 


10. Using a table of logarithms show that the common musical interval in an equally 
tempered scale is 1.0505. 

11. From any knowledge you may have as to the musical instruments of savage 
tribes would you expect overtones to be harmonics of the fundamental, i.e., their fre¬ 
quencies to bear simple ratios to that of the fundamental? Speculate as to whether this 
might in part explain the weirdness of their music as judged by those accustomed to 
instruments having strings or air columns. 

12. Using the values given in Table 26-2 calculate the ratios of the frequencies 
given for the “white” keys to those of the corresponding notes on the equal tempered 
scale (slide-rule accuracy acceptable). Which notes show the greatest discrepancies? 
Try to confirm by ear your conclusion through sounding various triads on the piano. 

13. Compare the value of the “do-mi” ratio in the D scale, that is, the ratio between 
F# and D for the major diatonic scale, with the ratio for the same notes on the equal 
tempered scale, using the values shown in Table 26-2. (A/?5. 1.25; 1.26) 

14. Three musical scales are widely recognized: the equal tempered chromatic scale, 
having the pitch A, = 440 (adopted by the American Standards Association in 1036), 
the International pitch defined by A, = 435 (adopted 1891), and the Scientific (.Just) 
scale in which A« = 426.67. Find the ratio between the first and each of the others. 
Show that the latter ratio indicates that the difference between equal tempered chro¬ 
matic and the scientific scales is approxmiately a quarter-step. 

15. Explain the fact that a violinist is able more perfectly to follow the ideal scale 
than those who play instrumenhs of fixed pitches, such as the piano and stringed in- 
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strumcnts frets on the fingerboard. Explain why the violinist checks only one note 
with the piano on which his playing is to be accompanied. 
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Speech and Hearing 


The protluction of speech is essentially a voluntary act; it may be started or 
stopped or its rate modified, at will, yet one would he quite unable to tell an- 
othei just how to adjust his vocal organs to produce a particular word. While 
yet an infant one begins the process of learning to speak through the imitation 
of significant sounds made by elders, and before leaving school the child has ac- 
(luired rather fixed habits in making the ditferent speech sounds employed. Most 
individuals find it difficult to change such habits and, if moved to a country in 
which a different type of language is spoken, are likely to retain indefinitely 
some trace of the language first learned. The sound waves of speech are physical 
in nature and must be determined by the physical properties and conditions of 
the vocal organs. Therefore it is necessary to consider these if one is to under¬ 
stand the production of speech. 

27.1. Physical Properties and Action of the Vocal Organs. The essential 
features of the organs employed in the production of speech are shown in 
Fig. 27-1. Generally one is likely to give the chief credit to the vocal cords but 
actually they do not play the major role, since mechanical vibrators have been 
used to replace them, and one can communicate quite successfully by un¬ 
voiced whispers. They are really not cords at all, but two cartilaginous mem¬ 
branes or ledges together defining a slit between their parallel edges when under 
tension, at the same time forming the top of the larynx. In quiet breathing they 
are relaxed and form an oval passage for the air. When, through the action of 
the muscles of the chest and the diapliragm, a current of air is forced between 
these cords, brought under tension, they are set into vibration at a pitch de¬ 
termined by their tension and also by such physical qualities as their mass and 
their form. Only the tension can be varied, and that not very widely, so that 
each person is able to vocalize only between rather definite limits, and these 
define the range of his voice so far as the fundamental pitch is concerned. The 
vibrations of the cords are highly complex and some of the overtones, if rein¬ 
forced by resonance, may entirely mask the fundamental, and generally do. 
depending much upon the air pressure and on the manner of breathing. Hut the 
vocal cords alone cannot produce intelligible speech sounds, as may be proveil 
by inserting the body of a fountain pen or ruler on edge far enough into the 
mouth to hold the tongue down—not one sentence can be spoken. 


Using the method outlined in the i)receding chapter it can be shown that eael 


vowel sound spectrum shows at least two characteristic frequencie.s. Obviously 


not more than one of these can be the fundamental frequency of the vocal 
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Fic. 27-1. Vocal Organs (After Potter, Kopp, and Green, Visible Speech, 

D. Van Nostrand Co., Inc.) 
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coids, and oftrn neither is. By means of a three-section resonance chamber 
consisting of the throat, nasal cavity, and the mouth, one can give resonance to 
the particular overtones of the vocal cords needed to produce the sounds de¬ 
sired. Each vowel or semi-vowel requires a particular adjustment which is 
made through the action of the muscles of the lips, tongue, and throat in addi¬ 
tion to those moving the jaw. No two people have resonance chambers that are 
exactly alike, nor do they make the adjustments in speaking the same words 
in exactly the same way; hence their individuality in speech is likely to be as 
distinctive as are the faces of the speakers. The vowel sounds are of course the 
most important and account for about 90 per cent of the energy of the voice. 
They are the sustained sounds of the words, and must be if they are to establish 



Fig. 27-2. Po.^itions of lips and tongue for various speech sounds 


full volume through re.^onanoe. Even a tuning fork held over a resonance tube 
requires a fraction of a second to secure full re.<onanoc. A sjieaker uttering five 
syllables per second must obviously make liis adjustments for resonance quickly 
and hold each adjustment steady while resonance is being established if he is to 
have a clear, pleasing voice, and failure in this respect largely accounts for 
many rasping, and otherwise unpleasant voices. Congestion of the mouth, nose 
or throat or the extraction of teeth may very considerably modify the voice. 
The main adjustments are made by tlie tongue and lips. Their positions for 
several of the vowel sounds and voiced consonants are indicated diagrammati- 
cally in Fig. 27-2. The diagrams will be made more convincing if tlie read(‘r 
tries to produce tiic sounds indicated with the tongue and lips in any positions 
other than those shown. A\ords which require the same vowel quality will be 
spoken with the same adjustment of the vocal organs regartlless of the >pelling 
of the word, hor example, the vowel sounds of the following are tluj same: 
a (ate), ai (pain), ay (day), au (gauge), ao (gaol), ei (eight), ea (break), 
and ey (they). These words would be indistinguishable excei)t for the manner 
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in wliich the vowel sound is started or stopped. The term modulation is used 
to describe the process by which the noiseless free flow of air in normal breath¬ 
ing is made to produce speech sounds. Through the action of the vocal cords, 
when brought under tension, the stream of air is chopped into pulses and a 
sound of definite pitch is produced. The sound is further modulated by the 
start-stop action of principally the lips and tongue, by cavity resonance as men¬ 
tioned above, and by frictional effects. To produce the latter, as required for 



Fh., 27-3. .-Vrtififial larynx (After Fletcher. Speech and llconuf}, 

D. Van Xo.'-trand (’o.. Ine.) 


.'iieh sounds as s. f, and sh. one narrows the outlet through the lips-tcoth-tongue 
(■oiiii)ination until the air stream becomes thin and turl)ulent, hence the sound 
produced is without definitt' pitch tind is not harmoniously related to tlie vowel 
s(mnd it may introduce. Such sounds are called Iricative. They do not involve 
the use of the vocal cords; I)ut the voiced consonants like v and z which are 
jiroduced >inularly do make use of the vocal cords also. 

The stop-consonants get their name from th(‘ fact that they are spoken by 
blocking the breath stream at some i)oint along its course and then releasing it 
>ud((enly. this procedure being necessary whether the consonant is at the be¬ 
ginning of the word or at its close. Some of these, like b, d, g, and j, are voiced, 
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while others, like p, t, k, etc., are unvoiced. Still other sounds like 1, m, n, r, and 

ng are called semi-vowels since the flow of air from the vocal cords is partly 

blocked or is diverted through the nasal outlet. Obviously an infinite numl)er 

of variations and combinations arc possible, although the average English- 

speaking person is able to distinguish less than about fifty. It would be difficult 

to estimate how many could be recognized by one able to speak the Chinese 

language in which so much depends on pitch and mode of intonation as well as 
on vowel quality. 

27.2. Artificial Larynx. Full support of the explanation of the production of 
speech sounds is found in the fact that there are many individuals who can 
speak even though for one reason or another they have undergone an operation 
known as tracheotomy, which involves making an incision in the trachea and 
inserting a tube through which the patient must subsequently breathe, in the 
absence of a direct passage from the trachea to the mouth. They have learned 
to speak by the use of an artificial larynx. One form of such a device is shown 
in Fig, 27—3. The individual breathes through this device which contains a 
vibrator that impresses on the stream of air vibrations similar in frequency to 
those normally produced by the vocal cords. By introducing this modulated 
stream of air into the corner of the mouth in the manner shown, the person so 
equipped is able further to modulate the stream in the usual manner, and to 


speak sufficiently well to be understood. Obviously his speech must sulf’er from 
the lack of the rich assortment of overtones produced by the vocal cords, and 
his voice may be somewhat unpleasant just as is the voice of anyone who speaks 
in a monotone. Also he is unable to adjust the fundamental frequency in a way 
to give a simple ratio between the overtones produced and the frequencies re¬ 
quired by the vowel sounds to be given out. Incidentally many speakers rated 
as poor ones are those who do not trouble themselves or else are unable to varv 
the tension on the vocal cords or the pressure in the lungs in such a way as to 
produce the required speech sounds with ease, hence their voices are strained, 
do not carry well, and are understood only with difficulty. 

Further support for the explanation given above for the production of 
speech sounds is seen in the fact that a number of investigators have been able 
to produce speech sounds artificially through the construction of plastic reso¬ 
nance cavities resembling those that a speaker would normally use in speaking 
the particular sounds being produced. One such resonance chaml>er is shown 
in Fig. 27-4. It is of course necessary that each be provided with rubber bands 
or other substitutes for the vocal cords at the end corresponding to tlic throat. 
Quite a number of recognizable speech sounds have been produced in this 
manner. The “cuckoo” clock and dolls which cry “mamma” are sufficiently 
realistic to meet with ready sale, even though they are not carefully made. 

27.3. Power Requirements for Speaking. A physicist might hesitate to 
accept literally any reference to a “powerful speech,” since actually very little 


power is carried by the speech sounds. The power consumption may he found 
by electrical instruments or by measuring the air requirements of, say, a speaker 
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in an auditorium and the pressure at which it is delivered to his vocal organs. 
It is found that in ordinary conversation the power consumption amounts to 
only 10 microwatts, while, in the case of a speaker in a large auditorium, it is 
likely to average in the region of 50 microwatts; even in a mighty surge of 
oratorical power it is unlikely to rise above 2000 microwatts, or 0.002 watt. 
The smallest lamp in common use in homes is likely to be a 25-watt lamp, re¬ 
quiring 10,000 times as much power. A million people speaking at the normal 
power level would expend no more power than is required by such a lamp, and 
a person can still be heard if the power of his speech drops to 0.1 microwatt. The 
very low power requirement for speech greatly simplifies the matter of both 



Fig. 27-4. Artificial resonance chamber for imitating the speech 

sounds of a in “saw” 


radio broadcasting and radio reception, as well as ordinary telephonic com¬ 
munications. Even when a radio is distressingly loud only a very minute 
amount of power is associated with the sound waves given out. The power 
requirement for a given loudness depends on the frequency; a bass singer must 
expend far more energj" than a tenor having the same “carry.” 

27.4. Frequency Ranges of Various Voices. Tliere is, of course, a wide 
variation in the frequency range in any classification of voice—for example, it 
is not easv to decide whether a certain voice should be classified as bass or as 
baritone. The matter of quality must be considered along witli that of pitch. 
The ranges given in the following table are believed to bo fairly generally 
accepted: 

Voice Bass Baritone Tenor Alto Soprano 

Frequency range 85 to 288 106 to 340 128 to 424 160 to 512 240 to 70S 

The table shows a very considerable overlapping, and that the upper fre- 
cjiiency in each class is more than three times the lower frequency given for the 
same class. Each person may be able to use two or three adjustments or registers 
in covering his range. For the deep notes the tones come apparently from the 
chest, and in their production the vocal cords are stretched tiglit and vibrate 
as a whole as thick masses with low frequency. It must be pointed out, however, 
that there is no such effect as lung resonance since the lungs arc acoustically 
neutral. This is fortunate, as othens’ise that would be a shift in pitch and 
volume as the degree of inflation changes. The middle register is used normally 
by females and by tenors and is characterized by relaxed vocal cords of which 
only the thin edges vibrate. The upper, or head, register requires that the open¬ 
ing between the cords be reduced to a short slit at the anterior ends of the 
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cords. Any person can feel very distinctly the readjustments he makes as he 
runs the musical scale from the lowest to the highest note he is capable of pro¬ 
ducing, the most abrupt change occurring when he goes into falsetto (try it). 
27,5. The Mechanics of the Ear. From the standpoint of pure physics the 
several parts of the ear are admirably adapted to their functions. The prin¬ 
cipal parts of the ear are shown in Fig. 27-5 which represents more or less 
diagrammatically those parts definitely associated with the mechanics of hear¬ 
ing. Since the sound waves are longitudinal, any receptor of them must include 



Fig. 27-5. Ear Structure (After Fletcher, Speech and Hearing, 

D. Van Nostrand Co., Inc.) 


a member which is capable of responding to this type of wave. Hair-like ap¬ 
pendages may serve the purpose in invertebrates, but in the higher animals, par¬ 
ticularly in man, the organ of hearing is exceedingly complex and is able not 
only to detect sounds of infinitesimal energy, but also their quality. Of its three 
distinct parts the external car, or pinna, is the simplest. Among lower animals 
this is likely to be horn-like in form and provided with muscles able to orient it 
so as most effectively to receive and to concentrate sound vibrations of interest. 
The horse offers an example. In man the pinna has so degenerated that it is a 
mere shell, and only the rare individual is able to wiggle his ears even though 
all possess the muscles, now mere vestiges. However, the pinna of man does 
offer some concentration and may contribute somewhat to the localization of 
sources of sound. The meatus, or channel leading from the pinna to the middle 
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rar. tlir srcon.l part. i> ai)out an inch long arnl sufficiently tortuous to offer 
niir.|natr prott'ction to tlic middle ear and yet to remain able to transmit freely 
I Ilf Mtund waves. The middle ear is inountc<l in a cavity of the temporal bone, 
aiiil meludrs the eardrum imembrani tympani). which serves both as a sound 
i-rriver aii.l as a i>artition between the outer ear and tlie middle ear, the oval 
and romnl windows on the oi)posite side of tlu' cavity and forming also a part 
oi the inner ear. a chain of i)ony levers by which >ounds received by the drum 
are transmittt'(l to the o\'al window, and the mn.-cles or ligaments associated 
with these levers. The cavity is joined to the throat by the eustachian tube. 

1 he eardrum may be <lescril>(Mi as a thin network of radial and of circidar 

tiln'i'- provideil on (au'h >ide with a thin memi)ranous covei'ing. the entiia' 

thicknc'-s of th<‘ three layers being only 0.1 mm, approximately. Being in- 

fliiifd to the axis of the meatus it is somewhat oval in form. The first of the 

fhrer bones of th<‘ middle ear. the hammer (mallfU.-) is attaclu'd bv its handle 

% 

tram iifar the center of the drum upward. 'I'he top of the hammer is joine(l to 

the aindl lincu") and the lower end of the latt^-r to the stirrup fstapes). The 

toot of the stirrup is an oval plate. The form of attachment of the hammer to 

the drum means that the radial ril)ers are of <lifferent etYective lengths. This lack 

oi symniftry gi^■es the drum the imi)ortant f|uality of being apcu'iodic. that is. 

it has no dffinitc' period of its own. r)therwi>e it would disfoit musical and 

'pfi'ch sounds. Two small muscles play an important part in the hearing 

process. 'I'll!' ten-or tympani is attached to the hantllr end of the hammer and, 

while normally r<'laxed. is in-tantly brought into fen-ion when stimulatfal by 

-omid or bv other means, and thereby draws inward the atfachcil portion of the 

drum. Similarly the stapedius is attached to. and able to pull outward laterally 

on. the iH'ck of th(“ >tiriup. \Mth these mu>cles both taut anv chaiua' of lag or 

oi l()'t motion betw(‘en the bony levers is climinatecl. 'rhi> tension on tlu* drum 

Lii\’e> it the form of a b!'oa<l cone with sides convex outward. This ctirveil surfaca' 

fimction> a< a poweiful lever since a minute pres-ure on tin* convex surface* 

tend- to >ti-aighten it out and th<‘i(‘i>y to exe'it at the ap<-x a forci* manv times 

that acting on the >m face of the drum in the ca.-e of somi'l,- of verv low in- 

ten.-itv vet it becomes rclativelv ineft’ective after the radial fibers have be- 
« * * 

come -traighttmed out. 'flii- automatically limits the re-pon-e to sounds of high 
mfeii-ity. The lever aim of the* anvil is only two-thiitls tliat of tlu* hamnwr; 
hence it exert> a foi‘c(“ on the stirrup that i- three-hah'e- of that tran-mitted 
to the laimmer by the drum. Sirn'e th«‘ ar<‘a of tla* foot of the .-tirmp is only 
one-twentieth that of the drum am! tin* angh* of application give.- a further 
ad\ antag(‘ of 2. the total magnifi(‘ation in pre-sur(‘ i< roughly 20 X 2 x 3 2 
or tiO If i- e.-timated that air friction and damping ettVefs reduce thi- to a 
ptactical value of lief ween 20 and 30. Beyond the age of oO this ratio i- likely to 
fall further due to the -tiffening of the two mn-clc': and th(‘ joint- and to the 
.accumulated .-<‘ar- tiom ear infections, thu- accounting lor mo-f ca-e- of partial 
"!' total deafne>-. I'lie eu-taclii.aii tube make- |)o.--ible a contimioti- c(|ualization 
"f pre-v.,in<‘ on the two -iile.- of the drum without which every change in :iit' 
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piessure, wliethcr duo to changes in atmospheric pressure itself or to changes in 
altitude m elevators or airplanes, would affect the hearing, possibly to the 
extent of causing full deafness. Excruciating earache can be caused by the 
blocking of this tube through infection. Travelers by air and those using 
the elevators in tall buildings generally find it necessary to go through the 
muscular action of swallowing in order to open this tube during a descent. 


OUTER HAIR CELLS 
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lAALlS 
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ANO GANGLION 


Fig. 27-r>. Schematic diagram of 
spiral plate (Testut) (b) sectional 

Fletcher, Speech and 


fa) loiigitvidinal section of basilar membrane and 
area of cochlear passage (Retzius) (Adapted from 
Hearing, 1). Van Xostrand Co., Inc.) 


27.6. The Inner Ear. The final and chief organ of hearing is the cochlea, a 
compact structure having the nature of a bony labyrinth and the general foian 
ol a snail shell. It encloses a membranous labyrinth of the same form. Then' 
are two partitions running the entire length of the chamber, but only one of 
these, the basilar membrane, rerpiircs discussion in connection with the process 
of hearing. A litiuid called perilymph fills the upper (scala vestihuli) and the 
lower (scala tympani) of tlie two principal spiral chambers formed bv these 
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partitions. The base of the upper is closed by the foot of the stirrup, the oscilla¬ 
tions of which cause pressure waves to pass up this chamber toward its apex. 
At some point along this spiral, depending on the frequency, the pressure waves 
cause a section of the basilar membrane to oscillate. The resultant pressure 
variations in the lower chamber (scala tympani) are relieved by the bulging in 
and out of the elastic round window which closes the base of the scala tympani. 
Magnified sections through the cochlea and details of the tectorial membrane 
and the organ of Corti are presented in Fig. 27-6 (a) and (b). According to 
the Helmholtz theory of hearing, the lower the frequency of the sound the 
greater the column of fluid which will vibrate in resonance, hence vibrations of 
low frequency should break through the basilar membrane far up the cochlea, 
while, conversely, sounds of high frequency should pass through near the base. 
Sounds too low in pitch to find resonance within the limits of the membrane 
simply cause the fluid to surge to and fro through the very small opening be¬ 
tween the two chambers at the apex, the helicotrema, but no sound it heard. 

The basilar membrane itself contains radial fibers (about 24,000 in number) 
which vary in length from about 0.1 mm at the base to about six times that 
length at the apex, and it supports a series of structures known as the organs 
of Corti, one of which is shown in Fig. 27-6(b). There are about 4500 of these 
structures on the basilar membrane, and they are partially covered by the 
tectorial membrane. Each organ of Corti contains four or five hair cells, each of 
which terminates in a number of short hairs. In their natural position these 
hairs may make contact with the tectorial membrane. At its base each hair 
makes contact with the fine terminations of the auditory nerve. 

The means by which the cochlea and the nervous system enable one to detect 
sound and to distinguish between approximately 15,000 pitches is not known 
with certainty but many new advances are being made in the study of this 
problem through the employment of electronic circuits. One of the most vexing 
problems at the present time is the mechanism by which the basilar membrane 
is set in motion. In 1857 Helmholtz suggested that pitch discrimination de¬ 
pends on the sympathetic vibration or resonance of the fibers of the basilar 
membrane. According to this theory in its simplest form a tone of a given fre¬ 
quency causes a particular small segment of the membrane to vibrate just 
as the stretched strings of a piano will resonate to nearby loud sounds, if the 
pads are removed. The vibration of the membrane would cause movement of 
the organ of Corti in this region and probably some distortion of the hairs of 
the hair cells. This would be sufficient to stimulate the hair cells and nerve im¬ 
pulses would pass from these cells along particular fibers of the acoustic nerve 
to the brain where a tone of a certain pitch would be perceived. 

This attractive theory cannot be accepted in this simple form because it has 
never been shown that the fibers of the basilar membrane have the necessary 
combination of length, tension, and mass which would be required in order to 
resonate in a damping fluid as the theory demands (see Section 25.4). Never¬ 
theless. there is good evidence that a tone of given frequency causes vibration 
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of a rather restricted length of basilar membrane while another section of the 
membrane will vibrate more readily for a tone of another pitch. This is par¬ 
ticularly true for tones above 5000 cps (cycles per second). Thus it is possible 
to construct a “map” of the basilar membrane as shown in Fig. 27-7, to indicate 
those sections which are most sensitive to tones of particular frequencies. How¬ 
ever, the hydrodynamic forces which are involved in causing a restricted section 
of the basilar membrane to oscillate arc not definitely known. 

Frequencies below about 20 cps cause only surges through the hclicotrema, 
and those above some value in the neighborhood of 20,000 cps, depending on 
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Fig. 27-7. Dimensions and shape of the human basilar membrane and bony spiral 
lamina, with an indication of the frequency response for the various regions. (Adapted 

from Fletcher, Speech and Hearing, D. Van Nostrand Co., Inc.) 


the person, particularly on his age, cannot be heard due to the loss of energy 
along the bony lever system. 

Many vibrating bodies require time for the vibrations to rise to their maxi¬ 
mum amplitude in response to an applied periodic force, and the vibrations con¬ 
tinue for some time after the source is suppressed. This is not true in the case 
of the ear. Its small dimensions, the form of its channels, and the viscosity of 
its fluids all contribute to a damping action so great that both the time for at¬ 
taining full response and that of any “hang-over” are imperceptible. It is there¬ 
fore possible for the ear to receive different sounds in rapid succession, a most 
important matter in tlie reception of both speech and music. Attention has boon 
called to the extremely complex nature of most sounds received, whether in 
speech or music, and typical sound spectra have been presented-. Mathematically 
the summation wave for any combination of frequencies and intensities would 
depend upon the phases of tlie different components, and the same coml)ination 
sounded twice would have different wave forms with different phase relations. 
This does not affect the ear in the least, as its action de})ends wholly on the 
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})artioular nerve endings stimulated, and on their degree of stimulation, not at 
all upon wave form or phase. Indeed the brain would form the same judgment 
of a sound whether all components come into each ear, as normally, or whether 
by electrical sorting part of the components are received by one ear and the 
remaining by the other, or even whether all components come from a single 
sounding body, or some from one body and some from another one or more. 
It is the sound spectrum that matters. 

As will be pointed out in Chapter 53, nerves work on the ^'all-or-none" prin¬ 
ciple, most fortunately since otherwise the auditory nerve would be constantly 
cluttered up with weak dying sounds which on the all-or-none principle are 
not registered. The intensity of a sound, then, is not judged by the brain on the 
basis of the amplitude directly but on the rate the impulses are received from 
a particular nerve ending, all impulses being of the same magnitude. A weak 
sound may require the accumulation of energy from a number of vibrations, a 
louder sound, fewer, hence the frequency of the pulses sent to the brain may or 
may not bear any simple relation to the frequency of the sound itself; the 
latter is judged wholly by tlie nerve doing the reporting. 

From a mechanical point of view the form of tlic cochlea is highly advanta¬ 
geous. A straight tube with the two windows in opposite ends would be a simple 
but impossible arrangement. A shift in the position of the head, an acceleration 
of any sort, would lead to a sensation of sound, and there would be no way of 
altering the length of the vibrating portion of the column of liquid. A bent or 
U-tube, of the form shown in Fig. 27-6(a), would overcome these objections 
since the windows are close together, but an angular acceleration of the head 
might still lead to the sensation of sound. But a doubled tube, wound into a 
close spiral, the actual form of the cochlea, overcomes all these difficulties. 

27.7. Binaural Hearing. Ordinarily one hears most efficiently as well as most 
satisfactorily when facing the source of sound, even when listening to the radio 
which eliminates the personality of the speaker and the possibility of sup- 
I>lementing wiiat is hoard by lip reading or by oI)serving gestures or facial ex¬ 
pressions. When tlic face is turned to one side the ears are unequally distant 
from tiie source so that the vibrations received by the two ears from the same 
waves are no longer in phase. Obviously tl)e ratio of tlie difference between 
the two distances of the two ears from the source to the wave length will de¬ 
termine the phase difference between the vibrations heard by the two cars. 
Also, if the source of sound is not in the medial plane of the head, one ear is 
more in the sound shadow of the head than is the other, so that both the phases 
and the intensities differ in the two ears. Tlie approximate relation between $, 
the angle between the apparent direction of the source and the medial plane, the 
phase shift, (/., and the frequency, /, is given by the equation <f> = (0.0034 / + 

0 . 8 )^. 

As an examine, for a sound of 400 cps the phase shift, <f>, is 2.16 d. But 4> can¬ 
not exceed 180°, because when its computed value exceeds tliis the brain in¬ 
terprets it as a shift to the other side of the medial plane, and the other ear is 
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• ^Tsn/o present ease when ^ is 180“ the value of 9 

IS 180/2.16 or 83“. Thus a source must always appear to be somewhere witliin 

f ^ ^'ith respect to the medial plane; the corresponding value 

or 800 cps IS ±51“. (Check this.) For frequencies above 1000 cps the individual 

nerve fibers can no longer transmit to the brain impulses of a frequency equal 

o those of the sounds received. The whole nerve might transmit possibly five 

times as many. For such the matter of phase relationships enters less into the 

picture, and it is virtually impossible to decide on the direction of the source of 

a shrill sound. For the very high frequencies the ear must depend mainly on 

relative intensities in forming any judgment as to direction. The fact that 

sound shadows are sharper for the higher pitches is a fortunate circumstance 
with respect to this case. 


^ The binaural effect is of great value to animals in locating their enemies, and 
in many cases their food. It is of great use to man both in peace and in war. 
Invisible submarines, airplanes, guns, and the like were located during the 
work! wars by twin listening devices. For any case the true direction was the 
one that gave zero phase difference between the sounds received by the twin 
receivers. Tlie intersection of two or more such direction lines gave the dis¬ 
tance, as well as the direction of the source of the sound. 

27.8. Sound Levels and Their Measurement, the Decibel. The rosiionsc of 
the car is found to vary not as the intensity of the sound as one might expect but 
as the logarithm of the intensity. Therefore the unit chosen to measure sound 
level is logarithmic. This unit, the bel, is defined so that difference in sound 
level in bels is equal to the logarithm (on the base 10) of the ratio of intensities. 
Thus two sounds whose intensity ratio is 100 to 1 differ in sound level by 2 bels. 
A unit of one-tenth bel, called the decibel, is widely used since one decibel is 
approximately the difference in sound level necessary for the ear to detect a 
difference in intensity. A sound 10 times another would be 10 db higher; one a 
tliousand times. 30 db, since the logarithm of 1000 is 3, and one a million times 
as intense, 60 db higher. Sounds may be rated as high as 120 db above the 
thresliold indicating that the car can accommodate sounds 10 ^^ niillion 
million times as intense as the minimum sound it can detect. It is indeed for¬ 


tunate that the response of the oar is as the logarithm of the intensity rather 
than as the intensity. It is suggested that the reader turn to the discussion of 
noise levels in Chapter 28 and study the illustrative scale of noise levels therein 
presented. 

27.9. Audiometer and Its Uses. Until the development of electronic ampli¬ 
fiers and other circuits there existed no instrument for precise measurement of 
sound intensities or for determining both the frequency and the intensity ]imit.s 
of hearing of any particular person, or of a group of persons. Recently a num¬ 
ber of such instniments, known as audiometers, have been developed, and used 
for a wide range of investigations. An example of a widely used instrument, and 
the manner of use, is shown in Fig. 27-8. It is supplied with not only a receiver 
for the direct detection of sound waves but also a special receiver for testing 
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the hearing by bone conduction. Since the latter does not depend on the bones 
of the middle ear the two tests help to localize the cause of any difficulty in 
hearing. In general such instruments are provided with a generator or oscillator 
capable of producing a sound of any frequency within the range of the human 
ear, and of varying and measuring the intensity of the sound produced. For any 
particular frequency it is possible to determine the threshold intensity and also 
the maximum intensity that can be heard as sound, and above which the 
vibrations cause pain. By making such tests through the entire range of fre¬ 
quencies to which the ear responds it is possible to plot curves, such as those 
shown in Fig. 27-9, which give the range in intensity and in frequency of the 



Fio. 27-8. Illustrating a method of testing hearing by means of an aiuliometer (Courtesy 
of Audivox, Inc., successor to Western Electric Hearing Aid Division, Peck Distributor 

Co., Montreal, Que.) 


sound whicli the car under test can hear. The area enclosed by the two curves 
is called the “auditory sensation area,” and differs from person to person, and 
also with age. The curves given are based on average values and are smoother 
than any particular person is likely to have. It will be noted that the ear can 
accommodate the greatest range in intensity in the region from about 1000 to 
3000 cps. This is attributed to the fact that the articulation and tension of the 
bony train of the middle ear are better adapted for this range than for either 

the very low or the very high pitches. ^ 

The lower of the two curves is of course the more important one since the 

height of the threshold gives a measure of ability to hear. If the audiogram o 
a man shows a threshold 40 db higher than the normal for a particular fre¬ 
quency, then he has a hearing defect of 40 db for that frequency, and he vull 
be unable to hear any sound at that frequency level unless it is 40 db louder 
than the minimum required by the normal person. Generally the loss of hearing 





AUDIOMETER AND ITS USES 263 

is greatest in the region of high frequencies. The clotted curve of Fig. 27-9 
IS typical of a person whose hearing is 60 per cent. The great loss in the high- 
fiequency lange is very unfortunate since the understanding of speech depends 
much on getting clearly the consonants, and these depend on high frequencies 
and are often slighted by the speaker. The dependence of the understanding 
of speech upon the reception of tlie components of sound falling in the different 
frequency ranges has been studied by many, but especially by Fletcher and his 
colleagues in the Bell Telephone Laboratories. The effect on the understanding 
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Fig. 27-9. Curve showing an “auditory 
sensation area.” The dotted curve is 
typical of a person whose hearing is 60 
per cent (Adapted) 



Fig. 27-10. Effect on hearing of 
eliminating (.4) high frequencios. 
and (B) low frequencies (Adapted 
from Stewart and Lindsav, Acorn- 
tics, D. Van Nostrand Co., Inc.) 


of speech produced by eliminating upper frequencies is shown in Fig. 27-10 
by curve A. Each point on this curve gives the percentage hearing of syllables 
when all frequencies above its abscissa are eliminated. For example, if all fre- 
queneies above 1000 cps are eliminated, the hearing is only 40 per cent. If only 
those above 3000 cps are eliminated, the hearing is 86 per cent. Similarly curve 
B shows the effect of eliminating the low frequencies. For example, if all fre¬ 
quencies below 1000 are eliminated, the hearing is still 86 per cent. Indeed all 
frequencies below 2000 cps might be eliminated without serious loss of hearing. 
This is remarkable in view of the fact that practically all vowel frequencies arc 
below this level. This points to the great importance of the high-frequency com¬ 
ponents of the speech sounds. It must be apparent that any weakening of these 
due to impairment of the hearing or due to noises will have a serious effect on 
the recognition of speech sounds. 

Conversation in a small room is likely to be at a level of 60 to 65 dl> above 

the normal threshold value. Hence a person with a hearing loss of 25 dh would 

have no difficulty, since hearing is reasonably good at 35. But a 40-dh loss would 

* 

bring the residual to 25 wliich is too low for good understanding of speech. 
A person talking to one with impaired liearing may make himself heard by 


raising his voice intensity or by 


coo])crating in the use of an ear trumpet or an 
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electronic hearing aid. But no speaker in a large auditorium would be able to 
raise the sound level throughout to a value sufficient!}’’ high to meet the needs 
of the partially deaf. Indeed the effort required to raise the level in a large 
hall, even to that needed by those of normal hearing, is too great—hence the 
present practice of using electronic amplifiers and loud speakers. Many 
churches and theaters have equipped certain seats with plugs for ear phones for 
the benefit of those who require them—perhaps 5 per cent of those in attend¬ 
ance would profit by their use. 

The ear mechanism is extremely minute—likewise the amplitudes of vibra¬ 
tions it can register. The total area of the tympanic membrane is only about 
0.66 cm- and its thickness 0.01 cm, yet it can transmit vibrations having ampli¬ 
tudes as low as 4 X 10“*^ cm at a frequency of 256 cps. At the threshold intensity 
for 1000 cps the amplitude is only a ten-thousandths of this. The hammer 
weighs only about 23 mg and is less than 6 mm long, and the anvil is of only 
slightly greater length and weight. The stirrup is much smaller, weighing only 
2.5 mg and having a length of 4 mm. Its foot has an area of little more than 
3 mm-, yet through it is all the energy needed for the loudest sounds heard trans¬ 
mitted. The round window is even smaller, having an area of about 2 mm^. Only 
the eye can approach the ear in the matter of delicate structure and high sensi- 
tivitv. 


Problems 


1. Oompare the normal power output of the skeletal muscles of a man, roughly 100 
watt.', with that carried by his .speech sounds, unlikely to be greater than 1.6 milliwatts. 
Althoush the power expenditure of the muscles having to do with the production of 
sound i.^ unknown, it is certainly ver>’ large compared to that of the speech sounds 
made. The efficiency of power conversion is therefore very low, that of the radio is 
much higher. {Ans. 62,500) 

2. Compute the median frequency of each of the voice-class ranges listed in Section 
27.4. Find the ratio of the median for the soprano to that of the alto, of the tenor, 
of the baritone, and of the bass. 

3. A certain 30-year-old man is able to hear sounds ranging in pitch from 20 to 
20480 vib/.'sec. How many octaves are included? Which of these limits is likely to have 
changed most by the time he has reached the age of 80 years? (Ans. 10 octaves) 

4. A car driver, proceeding along a highway, is nearing a railroad crossing. He hears 
a locomotive whistle, which includes tlie frequencies 300, 360, and 4S0 vib/sec coming 
from an approaching train. If the railroad makes an angle of 30® with the highway 
what is the shift in phase for each of these frequencies? (Hint: refer to discussion on 


binaiiral hearing.) 

5. In an auditorium echoes due to the walls and the ceiling approach the auditor 
from virtually all directions and distances. Write a paragraph explaining the probable 
effect on the distinctness of the sounds heard. Keep in mind this effect when consider¬ 


ing in the next chai)ter the other factors involved in the problem of acoustics. 

C. In a certain conservatory of music it is found that the intensity of the sound in 
a practice room i^ 140 times as great as in an adjoining room. By how many decibels 
does tlie ])artition reduce the sound level? If by the addition of certain materials this 
reduction could be increased to 40 decibels what would be the new ratio of intensities? 
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Suggested Readings 

Burton, E F., Grayson-Smith, H, and Quinlan, F. M., College Physics (Sir Isaac Pit- 
man and Sons, Canada, 1947) 

Cluzet, J Precis de Physique Medicale, 3rd cd. (Gaston Doin et Cie, Paris 194S) 

Fletcher, Harvey, Speech and Hearing (D. Van Nostrand Co., Inc., 1929) 

Knudsen, V. 0., /icowstics (John Wiley & Sons, Inc., 1950) 

Potter, R. K., Kopp, G. A., and Green, H. C., Visible Speech (D. Van Nostrand Co 
Inc., 1947) 

Stuhlman, Otto, An Introduction to Biophysics (John Wiley & Sons, Inc., 1943) 
Watson, F. R., Acoustics of Buildings (John Wiley & Sons, Inc., 1941) 

Note. It is sufTgested that the student study any of the references available, that he 
familiarize himself with the structure of the ear by studying and making copies of the 
more important parts of the several figures. Also, he should study the action of his own 
vocal organs while slowly producing the different speech sounds. 
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Acoustics 


The science of acoustics deals primarily with the reflection and the absorp¬ 
tion of sound. The term has been associated popularly with the defects of audi¬ 
toriums in which “hearing” is difficult. An auditorium in which it is easy to 
speak and in which the speaker may be heard distinctly in all parts is said to 
have good acoustics. But the prevention and the absorption of noises have come 
to be an equally important phase of acoustics, frequently a factor in dealing 
with auditoriums, but of general importance, 

28.1. Reflection and Absorption of Sound. The energy given out by the 
sounding body in the form of sound waves must continue in that form until it 
has been converted into heat energy. To prevent this conversion one might pro¬ 
vide reflecting surfaces that are rigid and nonporous; to facilitate absorption of 
sound one should provide a multiplicity of surfaces that are porous and yielding. 
Sound waves reflected from a hard-plastered or a cement wall may lose only 
2 or 3 per cent of their energy; indeed the reflection is more complete than that 
produced by our best silvered mirrors to light waves. If only such surfaces are 
present many reflections must take place before the sound energy is absorbed, 
and if these surfaces are far apart the sound may remain “in the air” for several 
seconds. This prolongation of sounds is called reverberation. The internal sur¬ 
faces of porous substances are so close together that the energy of any sound 
entering their pores is almost instantly absorbed, partly because of the multi¬ 
plicity and irregularities of the reflecting surfaces, but largely because of energy 
losses suffered through the viscosity of the air, for the air cannot vibrate with¬ 
out moving within the pores. Since one air layer will not slip over another if 
the latter is unrestrained it is apparent that absorption of sound depends pri¬ 
marily on surfaces. The internal surfaces are most effective since they are so 
close together; for them to play a part it is essential that the outer surface 
of an absorber be sufficiently open to admit the sound waves to its interior. 

28.2. Acoustics o£ Auditoriums. Acoustics—like one’s health—never re¬ 
ceives much attention unless it is bad. Formerlv the matter of acoustics was left 
to chance, but the recent developments of this science make it possible now to 
plan and to build an auditorium with good acoustics, and, in most cases, to 
correct one already built. Poor hearing is generally due to a confusion of over¬ 
lapping sounds resulting from excessive reverberation; more rarely, to an in¬ 
sufficient loudness of the sound to be heard. The nature of the difficulty may 
be understood best by a consideration of acoustic images. If one were in a room 
having only mirrors for walls, and having opposite walls nearly but not quite 

266 



ACOUSTICS OF AUDITORIUMS 267 

pfirallcl, he would be able to see hundreds of images of himself and of images 
of images, the line of images extending an apparently infinite distance. The 
light waves reaching the eyes have exactly the same form and phase they 
would have if they had actually come from the apparent positions of the im¬ 
ages. Analogously, a speaker standing near one end of a rectangular audi¬ 
torium will have an infinite number of acoustical images, every one of them 
speaking in unison with him. A typical example with assumed distances is 
given in Fig. 28-1, in which S represents the speaker, and A an auditor. The 
auditor receives sound from all of the images, but the more distant the image 
the more delayed will be the sound from that image. In fact only a few of tiie 
images represented, say Sj to are sufficiently near for tlieir sounds to be 



Fig. 28-1. The Speaker, iS. has many “speaking images” nt widely differing distances 
from the auditor, A. This is responsible for the confusion of sounds received by A 

practically in step with that direct from the speaker; all the others contribute 
to a jumble or reverberation above which A tries to understand the original 
sounds which move directly from S to A. If the walls are liighly absorbent the 
images are weakened so that they are few and unobjectionable. If the walls, 
floor, and ceiling liave highly reflecting surfaces of wood, stone, cement, or hard 
plaster, the combined effect of the images heard, which may be several hun¬ 
dred in number, may be so groat that it is imi)ossible to understand what is 
spoken. 

The total intensity of the sound received by A may be represented as shown 
in Fig. 28-2. Assume the speaker starts at time f = 0. As soon as the sound 
from .S reaches A, the intensity rises as siiown by t^,A and remains constant until 
that from the nearest image arrives as shown by curve (a). The intensity then 
rises to the level B, later to C when the sound from S., comes in, and so on. 
Since the sound increments from the more and more distant images decrea.se 
in magnitude with the square of their distance the curve soon reaches a maxi¬ 
mum, as sliown, which for any case is that level at which the sound is absorbed 
at the same rate as it is given out by S. If at the time T the speaker stops 
speaking, the intensity falls off thereafter in a similar but reversed manner, 
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as shown by curve (b); for each image stops simultaneously with S, though A 
finds it out only later, one by one. 

Since the apparent loudness to the ear varies directly as the logarithm of 
the intensity of the sound, over a wide range of frequencies the ordinates of 
such curves are generally plotted in decibels as shown in Fig. 28-3. In this the 



^ ^1 received by A increases by steps as each image adds its 

contribution. The decay curve follows a reversed pattern (Adapted) 

growth and decay for a number of consecutive syllables making up the series 
of words being spoken are represented, first in (a) for a highly reverberant 
room, and then in (b) for the same words spoken with the same power output 
in a room which has been given proper acoustical treatment. It will be ob¬ 
served that the sounds rise to a higher level in the untreated room, and that 
the overlapping of sounds is much greater; that is, there is greater reverbera- 



0 (b) 1 2 3 Sec. 


Fig. 28-3. Overlapping of syllables in an untreated room is far greater than in a treated 
room; speech is more easily understood in the latter even though intensity level is 

lower (.Adapted) 

tion. In the treated room the overlapping is so much less that the hearing is far 
better even though the level of intensity is lower. Obviously there are fewer 
different syllables on the air simultaneously and the percentage drop between 
syllables, which is the basic test, is greater. The importance of speaking slowly 
and distinctly is easily seen. 
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The same general principle may be established by a somewhat different 
graphical approach, in the manner shown in Fig. 28-4, in which the waves for 
the word “wall” coming directly to A from the speaker 8 is represented by line 
(a). Line (b) represents the same word coming from his first image, but a little 
later. Line (c) represents their combined effect. The reinforcement may actu¬ 
ally be helpful, even though there is some blurring. But if one adds to this the 
same word as received from a more distant image, as shown in {d), one gets 
the resultant qualitatively suggested in (e). Add to this the waves from all the 
other images and one gets a fair picture of the problem of hearing what is 
spoken in the average untreated auditorium. The obvious question is: How 
can the auditor understand what is spoken? It is unlikely he does perfectly but 
several factors are in his favor: S is closer to -4 than is any image (except where 
curved surfaces are involved), he de¬ 
pends on lip reading, he takes note 
of gestures and facial expressions, 
and he considers the context. Also 
his two ears are likely to be more 
nearly equally distant from the 
speaker than from any image and 
their shape favors sounds from the 
forward direction. This is an advan¬ 
tage. The extent to which such fac¬ 
tors are involved was hardlv realized 
until the problems of broadcasting 
distinct speech arose. With lip read¬ 
ing, facial expressions, etc., no longer assisting, it was found necessary to pro¬ 
vide highly absorbent walls in the broadcasting studios. 

28.3. Sabine’s Formula and Its Applications. The late Professor W. C. Sa¬ 
bine, of Harvard University, who made a study of a very large number of 
auditoriums and of absorbing material, arrived at a very useful formula: 
t = 0.05r/n, where t is the time of reverberation in seconds, V is the volume of 
the auditorium in cubic feet, and a the number of units of absorption. For our 
purpose the period of reverberation is the time in seconds required for a sound 
of normal intensity to become inaudible after being produced. This is found to 
be equivalent to falling to one millionth of its initial intensity. The unit of 
absorption has l)een taken as that due to the absorption of 1 ft^ of open win¬ 
dow, and is called the sabin. The u.«efulness of this formula hinges on the 
question what period of a!)sorption should a room have. But this question could 
hardly be answered on a theoretical basis; the answer has come out of the study 
of a great many auditoi'iums known to be satisfactory. It is found that the 
optimum value depends on the volume of the room, the number of people pres¬ 
ent. somewhat on the form of the room, and on whether the room is to be used 
principally for music or for speaking. The results of the investigations, as ap¬ 
plied to auditoriums to be used for both purposes, are represented graphically 


(a) ^wvAAAAAAa/vv 


(b) 

(c) 

(d) 

(e) 


-^aaaAAAAAaa/ 

'vaaaaAAMM/wv-^ 

— 'vxaAAAAAaatv 

|ww\aaMAA/W\A/w\ 


wall 

wall 

wwaalll 

wall 

wwaalwlall 


Fig. 28-4. Sound.-? reflected from different 
surfaces are out of phase and the resulting 
blurring makes understanding speech diffi¬ 
cult 
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in Fig. 28-5. In this the periods of reverberation are plotted as ordinates against 
distances proportional to the logarithms of volumes as abscissas. The accept¬ 
able times are represented by the range of values indicated by the shaded 
area. For example, it is seen that a room having a volume of 50,000 ft^ should 
have a period of reverberation in the neighborhood of 1.2 sec. Substituting 
these values in the Sabine formula one finds the needed absorption to be 
0.05 X 50,000/1.2 or 2083 sabins. To meet such a requirement it is obviously 
necessary to select the proper building materials. 



Fig. 2S-5. Shaded area represents ac- 
ceptalde periods of reverberation for 
various sizes of auditoriums (Reprinted 
by permission from “Acoustics of Build¬ 
ings/' Third Edition, by F. R. Watson, 
published by John Wiley & Sons, Inc., 

1941) 


28.4. The Absorption of Building Materials, and of Certain Objects. On 

striking a wall a sound will be partly reflected and partly absorbed or trans¬ 
mitted. If the reflected waves have 90 per cent of the intensities of the incident 
waves, then there has been an absorption of 10 per cent, and the surface is said 
to have an absorption coefficient of 0.1. Hardwall plaster reflects about 97 per 
cent, hence has a coefficient of 0.03; in other words, 1 ft- of such a surface has 
an absorptive value of only 0.03 sabin. In sharp contrast, some of the com¬ 
mercially available acoustic materials have coefficients as high as 0.7 or 0.8, 
or twenty-five times as high. Table 28-1 lists the absorption coefficients of a 
number of different building materials, and also the absorptive value of cer¬ 
tain objects of importance in dealing with acoustical problems. It is found that 
the coefficients depend on the frequency of the sound very materially, and this 
greatly complicates the problem of securing satisfactory acoustical conditions. 
The values given are for 512 cps, but acoustical engineers use extensive tables 
listing not only a very large number of materials but the values of the coeffi¬ 
cients for each of a number of different frequencies. To obtain satisfactory re¬ 
sults it is generally necessary to make use of more than one type of acoustical 
material since some absorb better at high frequencies, others at low frequencies, 
and both must be considered. 

It is interesting to note that one man will absorb about as much sound as a 
plastered wall 10 x 9 ft, or a marble floor 20 ft square. iVIany auditoriums 
having poor acoustics when empty are fairly acceptable with capacity audi¬ 
ences. 

28.5. Acoustical Correction. Having such a talile or acoustical data at hand 
the correction of an auditorium is a comparatively simple matter, for one has 


ACOVSTICAL CORRECTION 

Table 28—1. Absorption Coefficients of Building Materials 


Material 

Thickness 
in Indies 

Absorption Coefficient 
for 512 cps 

Acousti-Celotex tile. 


n oo 

Calicel. Standard. 

/I 6 

1 

1 

U.oJ 

fi ftA 

Absorbex A. 

Acoustolith. 

U.Ol) 

0.70 

f\ on 

Kalite. 

/2 

r\ Af\ 

Mineral wool nlaster.... 

A 

Vi 

Va. 

1 

2 

U.4U 

Insulite acoustile. 

fl 

Rockoustile. 


Sabinite. 

n ^1 

Hair blanket. 

U»01 

0.S5 

0.54 

0.03 

0.017 

0.20 

0.37 

O.ll to 0.50 

0.015 

0.03 

0.03 to O.OS 

0.01 

0.25 to 0.75 

0.50 to 1.0 

0.025 to 0.03 

0.06 

2.3 to 4.7 sabins for each 

Asbestos-akoustikos. 

1 

Brick wall, unpainted. 

Brick wall, painted. 


Carpet, unlined. 

Carpet, lined. 

Fabrics, hung. 

Concrete or tei nizzo floor 

Wood and glass. 

Linoleum, asphalt, rubber, cork, etc. 

Marble or glazed tile.i 

Stage openings, depending on furnishings.i 

Deep balcony with upholstered seats. 

Plaster. 

Wood panel. 

Audience, depending on character of seats, size, 
and clothing. 


Metal or wood chairs. 

Leather upholstered seats. 

Plush or mohair seats. 

Wood pews. 


person 

0.17 sabins each 

1. to l.G sabins each 

2.6 to 3.0 sabins each 

0.40 sabin each space 


but to take stock of the absorptive materials present, compute the total re¬ 
quired from the given volume of the room, and finally, supply any deficiency 
that may be determined in this matter. Consider, for example, a classroom of 
40 X 65 X 16 ft having hard plastered walls and ceiling (coef., 0.03), a wood 
floor (coef., 0.051, 80 simple desks (0.4 sabin each), and one instructor’s desk 
(4 sabins). 

The volume = 41,600 ft^ 

Area of walls and ceiling = 5960 ft- 

Absorption of walls and ceiling = 5960 X 0.03 = 178.8 

Absorption of floor = 40 X 65 X 0.05 = 130.0 

Absorption of desks = (80 X 0.4) -|- 4.0 = 36.0 

Total = 344.8 sabins 
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Substituting these values of V and of a in Sabine’s formula, it is seen that 
when empty the period of reverberation of the room is 0.05 X 41,600/344.8 = 
6.05 sec. Assuming 70 students at 4.4 sabins each, their presence would add 
70(4.4 - 0.4) = 280 sabins and reduce the period to 0.05 x 41,600/624.8 = 3.34 
sec, a reduction of 45 per cent. By referring to Fig. 28-5 it is seen that a room 
of volume 41,600 ft^ should have a period of 1.16 sec. To obtain such a period 
one would need 0.05 x 41,600/1.16 = 1793 sabins. From this it is seen that one 
must add 1793 — 625 = 1168 sabins in some manner. This deficiency might 
be supplied by covering the ceiling with an acoustic tile having an absorption 
coefficient of 0.48 since (0.48-0.03) x 2600 ^1170. With this correction 
made, the period would be affected by only 280/1793 or 16 per cent by the ab¬ 
sence of the students, not 45 per cent, as in the case of the untreated room. This 
is a general principle. An auditorium having good acoustics is not critically 
dependent on the size of the audience. 

28.6. The Ideal Auditorium. Professor F. R. AVatson and others have called 
attention to the acoustical excellence of the open-air Greek theaters, and of the 


Fig. 28-6. Concentration at F of sound reflected 

from ceiling may lead to higher intensities than 

sounds which are received directly from the source. 

% 

Direct and reflected sounds are out of phase 

(Adapted) 



many outdoor theaters built in more recent times. A recent and highly satis¬ 
factory modification has the modern stage, roof and ceiling, but no side walls, 
though it is suitable for only climates favorable for such a type. Drive-in thea¬ 
ters are another development. The ideal would seem to be an auditorium with 
stage elevated, preferably with the seats of the audience increasingly raised 
toward the rear to give every auditor an unobstructed “ear view” of the 
speaker. Surfaces over, to either side, and to the rear of the speaker should be 
liighly reflecting in order to give that reinforcement so reassuring to the speaker 
and so essential to musicians. All other surfaces should be as highly absorptive 
as needed to reduce the period of reverberation to the proper value. Such a room 
for a time might appear too dead to some who are accustomed to reverberation, 
but a room acoustically correct rapidly comes into favor. 

28.7. Echoes, Concave Reflectors. Reverberation is simply a prolongation of 
sounds due to repeated reflections from many surfaces, while echoes result from 
a single reflecting surface so far removed from the source that the sound re¬ 
flected to the auditor must travel at least 65 ft farther than that going directly 
from the speaker to the auditor, therefore arriving at least l/17th sec later. 
With this or a greater delay each word is audibly repeated, to the annoyance of 
both the speaker and the auditor. Reverberation is more likely to give trouble 
than are echoes; but if one wall is relatively more effective than the others, 
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Ir ° the reflected may 

be stronger than the direct waves and cause difficulty in understanding the 

speaker A typical example is shown in Fig. 28-6. Concave surfaces present the 

most difficult prob cms with which the acoustical engineer has to deal, for even 

with highly absorbing surfaces the echo effect will still persist. They should 

never be used but if demanded their radii should be made less than half the 

peak height of the ceiling, or else more than twice the height, to ensure that 

the speaker s acoustic image cannot be formed near to any part of the audience. 

It must be remembered that concave surfaces can form real images; they must 

not be close enough to have a pronounced effect. 


28.8. Diffraction and Interference Effects, and Standing Waves. In 
Chapter 24 the principles of diffraction, interference, and of the standing waves 
were explained. These phenomena may have a bearing on the acoustical prop¬ 
erties of a room, particularly small ones. It was shown that due to diffraction 
wave motion may be intensified in one region at the expense of the intensity in 
another. hen sound enters a room through a hole or crack small in compari¬ 
son with the W'ave length it will spread by diffraction quite uniformly through¬ 
out the room. Sound waves from a megaphone are given a directional effect 
which indoors are soon lost by reflections but which outdoors enable one to give 
his voice a higher than normal intensity in certain chosen directions at the 
expense of the intensity in direction in which he may have no interest. In the 


acoustical treatment of surfaces giving troulilesome reflections, such as con¬ 
cave ceilings or walls, it is helpful to cover them with strips of acoustical ab¬ 
sorbing material separated by narrow strips of untreated areas. The latter act 
like narrow openings and the sound reflected by them will spread out in all 
directions and thereby break up the objectionable regular reflection. Sounds 
from tw’o loud speakers may mutually interfere and produce zones in which 
certain tones are abnormally loud and others in which they arc subdued. 

Standing waves sometimes produce striking effects in small rooms such as 
music practice rooms, bathrooms, corridors, etc. The effect may be noticed 
also in auditoriums in which organs are played. Standing weaves are set up 
whenever the distance between two highly reflecting walls is an integral multi¬ 
ple of the half-wave length of the note (or notes) being played. Auditors sit¬ 
ting in the loops of such may hear objectionable “roars” when certain notes 
are played, wdiich would not be heard by those sitting in the nodes. If a note 
of only medium frequency is api>reciably sustained a person may be able to de¬ 
tect a change in quality by merely moving his head backw*ard and forward 
along the line of the wave system. The acoustical treatment of one of each pair 
of opposing walls offers one w’ay of minimizing such effects. 

28.9. The Importance of Acoustical Corrections. The importance of cor¬ 
recting auditoriums was (juiekly recognized by the managements of theater.s 
having to meet the comi)etiti()n of theaters acoustically corrected. Hut the man¬ 
agement of schools, churches, industrial establishments, office buildings, etc., 
have responded much more slowly. In each case efficiency would l)e greatly 
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increased by proper acoustical treatment. In any reverberant room the multi¬ 
plicity of competing images is bound to “get on the nerves” of any one whether 
he realizes it or not. Even trjdng to talk on a telephone from or to a reverberant 
room is not only difficult but is a constant cause of errors, tedious repetitions, 
and the like, because the telephone transmits the reverberations along with the 
original words, and at best it is inefficient in reproducing the consonants on 
which the understanding of speech clearly depends. 

28.10. The Noise Problem. Closely coupled with the problem of reverbera¬ 
tion is that of noise elimination. Formerly one considered any sound having 
no definite frequency as a noise, but now with the advent of the radios, apart¬ 
ment houses, cars, and so forth, any sound that is undesired or disturbing may 
be classified as a noise even though it may have the fixed frequencies character¬ 
istic of the sounds of music or of the vowels. It has been shown by many that 
noises naturally excite the fear reactions, even after the hearer has entirely 
dissociated the noise from any conscious fears. For example, the passing of a 
noisy tnick at night will raise the blood pressure of a sleeping person even 
though, because of familiarity, the sleeper is not awakened. There is little doubt 
that the noise element of our present age contributes largely to the increase in 
mental cases. Physicians have found that many cases of nervous disorders 
among children and adults are a direct result of noisy homes. A businessman, a 
teacher, or a stenographer is tired at the close of the day, not always on ac¬ 
count of the physical work done, but often from the nervous exhaustion result¬ 
ing from trying to speak above the noise level of the daytime environment, 
and from the overstimulation of noises. But the housewife, after a day with 
children in a hard-wallcd, iincarpeted house, may be just as exhausted. 

By definition the difference in sound levels, expressed in decibels, is given 
by the relation: Decibels = 10 log {Ii/h.) It has been established also that the 
average intensity of the sound in any room varies inversely with the total 
amount of absorption in the room; that is, I^/L = aja^. From this it follows 
that it should be possible to calculate the reduction in noise level in any room 
that may be brought about by increasing the absorption material available to 
the sound by a definite ratio, since decibels = lOloga^/oj. To illustrate: a 
room having a total absorption of 100 sabins and a noise level of 40 db is 
treated by adding sufficient acoustic tile to bring the total to 500 sabins. The 
reduction in decibels thereby obtained is 10 log (500/100) = 7; hence the new 
level is only 33 db, a reduction sufficient to do away with the annoyance pre¬ 
viously experienced. Since the change is proportional to only the logarithm of 
the absorption ratios it is hardly feasible to obtain a reduction of more than 
10 db by this method. 

A well-constructed partition or soundproof door may low'er the noise intensity 
to l/10,000th of its initial value, or by 40 db. A loud conversation or radio 
originally at 60 db will be, after transmission, at 20 db or still quite audible. 
But if the sound were produced at a level of 30 to 40 db it would be quite 
inaudible on the other side of the partition. On the other hand it would still 
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be audible if the partition were capable of reducing the level by only 25 db. 
The noise problem, therefore, is open to two lines of attack: reduction of noise 
level at the source and noise exclusion. 

28.11, Physical Aspects of the Noise Problem. The methods used in attack¬ 
ing any noise problems are comparatively simi)le. By means of the sound level 
meter one maj’’ determine the noise level for (lifi'ercnt frequency ranges, ^^dlat- 
ever this level, any sjioken word or other sound must rise in intensity above 
this level in order to be heard. The ear is deaf to any sounds below this level. 
For random noises, such as those from a city street, the levels may be high 
throughout the audible range of frequencies. But in an office the typewriters 
may raise the noise level mainly for the high frequencies characteristic of their 
noise. This results in a deafening of the ear to most consonants and to all the 


vowel sounds which have essential frequencies in the region involved. Thus con¬ 
versation is made so difficult that voices are raised, and this in turn raises the 
noise level further—a vicious circle. The same physical materials which are 
required to reduce reverberation serve to reduce also the general noise level, 
thereby serving a double purpose. Table 28-2 should serve to give some meaning 
of noise levels in terms of decibels, even though the illustrations themselves are 
far from definite. 

It is generally possible to lower the noise level appreciably by installing 
highly absorptive acoustic material, but since the loudness falls off approxi¬ 
mately as the logarithm of the total absorption present one can hardly expect 

to reduce the level bv even 10 db for such a reduction would call for a tenfold 

% 

increase in absorption. However, prevention is quite as important as the ab¬ 
sorption of noise. Heating and ventilating machinery, fans, elevator, and the 
like can be quietened hy rubber or other resilient mountings and covered with 
boxes made of absorptive material. Hallways can he divided, stairways parti¬ 
tioned, aisle and hall carpets laid down, ami noise-making activities segregated. 
Typewriters and adding machines, desks and pianos should all be supported on 
resilient pads. Rubber strips around and particularly under doors are especially 
effective, for the doors arc usually the weakest spots in the matter of excluding 
noises. Hot-air and ventilating ducts should be lined with acoustic absorbing 
materials and should be provided at intervals with short canvas sections, one 
being at the connection to the fan. Spaces around i)ipes going through walls and 
floors should be packed with felt. M’indows which are over a noisy street and 
are frequently ojiened for ^'entilation should be provided with soun<l tra]is. 

Investigations have shown that any noise above the noise level of normal 
conversation causes nervous tension. .\n examination of the table reveals the 
fact that many of the common environments are above this level. Experience 
has shown that it may be good bu.<iness as well as important to health to reduct' 
sound levels. Statistics collected by telegraph offices iirovc the reduction in 
costly errors fully offsets the costs of acoustical treatment, restaurants find 
that the quieter atmosphere resulting from the reduction of the clatter of table¬ 
ware by acoustic tile pays dividends. 
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Table 28-2. Sound or Noise Levels 


Description 

Decibels 

Nature of Sound 

Painful. 

120 

Threshold of feeling 

Deafening. 

110 

Thunder, artillery 


100 

Near-by riveter 

Elevated train 

Boiler factory 

Ver>' loud. 

90 

Loud street noise 


80 

Noisy factory 

Unmuffled truck 

Pneumatic drill 

Loud. 

70 

Noisy office 

4 

60 

Average street noise 

Average radio 

Average factory 

• 

Moderate. 

50 

Typical schoolroom 


40 

Noisy home 
-Average office 
i Typical conversation 

Quiet radio 

Faint. 

30 

Quiet home 


20 

Private office 
•■Vverage auditorium 

Quiet conversation 

Scarcely audible. 

10 

Rustle of leaves 


0 

Whisper 

Soundproof or “dead” room 
Threshold of audibility 


28.12. The Problem o£ Acoustics in Hospitals. There are a number of 
special problems which are involved in the acoustical correction of hospitals 
since the noise level must be kept much lower than the level generally accept¬ 
able elsewhere. The doctors regularly order “Absolute Quiet” for the patients, 
but few get it. In most hospitals the patient can hear, even through the night, 
doors shutting, the whirr of elevator motors, the rattle of utensils, dishwashers, 
refrigerator pumps, and other mechanical devices, to say nothing of persons 
and of equipment moving through the corridors. The moans of those in acute 
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pain and the cries of infants carry far. Noises unnoticed against the background 
of daytime noises may become irritating in the relative quiet of the night. Hos¬ 
pitals should not be, but many are, located on streets carrying heavy traffic 
from which the noise, when added to that originating in the hospital, may bring 
the level to 60 db. To reduce this to 20, a desirable level for patients, would 
be practically impossible in most hospitals so unfortunately located, but much 
can be done when planning a new one. Hospitals should be built well away 
fiom heavy traffic, but if such is not the case then all windows on the traffic side 
should be permanently sealed and ventilation provided otherwise than by 
windows. Each hospital should be divided acoustically into sections by sound 
blocks or traps so that sounds from one part are prevented from entering an¬ 
other. All moving equipment such as elevator, kitchen, laundry and office ma¬ 
chinery should be resiliently mounted, and well insulated from the corridors 
and from the main structure of the building. Bedrooms in private wards hardly 
require attention, but administrative offices, corridors, dining rooms, kitchens, 
operating rooms, nurseries all merit acoustical treatment. A number of studies 
have been made to determine whether the use of the porous acoustical mate¬ 
rial favors an increase in the “germ population” of the hospitals. The answer 
is in the negative; it has no effect one way or the other. 

In common with other professional men. doctors generally neglect the acousti¬ 
cal problem in their offices. If interviews are held in an office over a busy street 
the noise level is likely to be high. Whatever it is the conversation must be 
maintained higher. Unless partitions and doors are acoustically better than 
usually provided between the office and the waiting room, likely to be an inner 
one with a low noise level, much of that which is said in the interview may 
become public property. 

28.13. The Masking of One Sound by Another. The use of two independent 
electrical circuits makes it possible to investigate the masking, or deafening 
effect more commonly understood as the tendency to “drown out,” that one 
sound has upon the hearing of another. For example, siqipose that one sound, 
is kept at a constant fre(iuen(‘y and at a level of 80 db while a variable 
sound, Sj., is generated and brought from a low intensity to a sound level suffi¬ 
ciently high to be heard above .S,,,, for each of a scries of different frequencies. 
The increase in the threshold intensity for is a measure of the masking or 
deafening effect of .8,, on S^. For illustrative purposes consider the masking 
effects of three different frequencies, 400, 1200 and 2400 vps, each held at 80 db 
constantly while ?s varied fi'om 0 to 4000 vps. Let be held at 400 cps. In 
the region of 100 vps there is practically no masking effect at all, and in this 
region can be heard fpiite as well with on as off. But when is near 400 vps, 
its loudness must be increased 60 db before reaching its new threshold value. 
For higher frequencies of the masking effect is smaller, but even at 4000 vps 
the deafening effect of is 24 db. Now change S„^ to 1200 cps. Even at 80 db 
it has practically no ina.ddng effect on even up to 400 vps, but at its own 
frequency its deafening effect is over 60 db, and remains above 40 db as is 
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varied throughout the range from 1200 to 4000 vps. When is at 2400 the 
masking effect on low frequencies is even less. 

Such experiments show clearly that the masking effect of a sound is greatest 
near its own frequency (although at its exact value it is slightly lower due to 
an interference effect). A low-frequency sound has a masking effect on all higher 
frequencies, possibly due to an overtone-effect, but a high-frequency tone has 
a negligible effect on sounds far below it in pitch. The wide range in frequencies 
of the components of noises results in a serious deafening effect throughout the 
range important in speech. They, and any shrill sounds as well, interfere seri¬ 
ously with the hearing of the consonants, hence with the understanding of 
speech. A loud sound of low frequency has the greatest masking effect of all. 
Typewriter and adding-machine noises are particularly effective in masking 
consonants, and adversely affect telephone conversations and dictations in an 
office far more than their loudness would lead one to expect. 


Problems 


1. Make a drawing to scale similar to Fig. 2S-1 but of an auditorium 50 X 70 ft. 
Show the speaker to be on the median line, 10 ft from one end, and the auditor 20 ft 
from the rear end and 10 ft from the right side. Indicate on the drawing the positions 
of the nearest five acoustical images, and the distance of the speaker and of each image 
from the auditor. It is suggested that the distances be obtained graphically rather than 
by computation. 

2. How many persons, at 4.4 sabins each, would it take to double the absorption 
of the room shown in Problem 1 if the ceiling height is 12 ft and the effective coefficient 
of absorption for the entire inner surface, including the floor, is 0.03 sabin/ft^, and if 
the entire furnishings have an absorption of 50 sabins? 

3. A carpet aisle runner will have its acoustic value greatly increased by a felt liner. 
Suppose such a combination to have a width of 3 ft and a coefficient of absorption of 
0.48. To what width of floor (a = 0.036) would this runner be equivalent acoustically? 


{Ans. 40 ft) 

4. A certain university lecture room is 25 X 40 X 12 ft, and has hard wall plaster, 
linoleum floor fcoef. = 0.05), 60 wood chairs, lecturer's desk (3 sabins) and one up¬ 
holstered chair (2.5 sabins). Find the period of reverberation. 

5. Referring to Problem 4, what period of reverberation would you suggest and what 
corrective treatment would you recommend? (4/is. 1.0 sec; add 457.5 sabins) 

6. The wall of a music-practice room gives a noise reduction of 30 db. How many 
times as intense is the sound inside as outside this room, neglecting any other sounds 


which might have outside sources? 

7. The noise level in a certain physician's office was lowered by 6 db through the 
use of acoustic tile. By what ratio was the total absorption in the room increased? 
{Ans. 3.98 times) 

8. To accommodate his father who was making a telephone call a boy lowered his 
radio from 60 db down to 30. Approximately what frequency ranges were lost to the 


boy by this, judging on the basis of Fig. 27-9? 

9 By inspection of Fig. 27-9 find the difference in decibels between the threshold ot 
feeling and that of audibility for the tones of 200, 500, 1000, 2000, and 4000, respec¬ 
tively. At about what frequency docs the average ear accommodate the greatest range 


loudness? 
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10. An open organ pipe sounding 64 cps is giving out waves 17.5 ft long in a church 
auditorium whose highly reflecting rear wall is 105 ft from the front wall. A strong 
standing wave system is set up between the walls. At what distances from the rear 
wall within the rear SO ft occupied by the autlience will auditors barely hear this note, 
and at what distances will it have abnormal loudness? At which of these two sets of 
positions will the music be the more seriously masked? Explain. What is the length 
of the pipe, and the speed of the sound? 

11. Suppose the organist of Problem 10 should sound a note three octaves higher. 
How far would one need to move his head forward to pass from a node to a loop in 
the standing wave system? (A/is. 0.547 ft) 

12. By how many decibels would the loudness of the violin music be increased by 
increasing the number of violins in an orchestra from 5 to 20, in the pitch ranges in 
which sound levels and loudness levels may be considered as identical? 

13. Assume that the dotted line in Fig. 27-9 is the audiogram of the father men¬ 
tioned in Problem S. Did the boy lower the level sufficiently to eliminate any interfer¬ 
ence with the telephoning mentioned? Explain whether the father should wear a hearing 
aid if he lives in a home where the sound level is at 30 db. If so, what lowering of the 
threshold levels should be provided to ensure the man a reasonable range of frequencies 
in bis home? 

14. A certain rural cliurch measures 12 X 30 X 50 ft and has a wood floor with a 
coefficient of 0.05. The walls and ceiling are plaster having a coefficient of 0.03. The 
furnishings will siipjdy an absorption of 100 sabins, and an average audience of 60 is 
anticipated. What area of acoustic tile having a coefficient of 0.55 should be added to 
the ceiling to bring the period of reverberation to 0.9 sec? What uniform width of 
uncovered border around the ceiling of the room would leave the proper central area 
for the treatment? 

15. In the treatment of rooms why is it wise to include some acoustical materials 
which are relatively effective in the absorption of the low frequencies if speech is to 
be heard clearly? 


Suggested Readings 

Fletcher, Harvey, Speech and Hearing (D. Van Nostrand Co., Inc., 1029) 
Knudsen, V. O', Architectural Acoustics (John Wiley & Sons, Inc., 1950) 
Sabine, Hale J., Less Noise—Better Hearing (The Celotex Corporation, 1941) 
Stewart, G. W., Introductory Acoustics (D. Van Nostrand Co., Inc., 1930) 
Watson’ F. R., Acoustics of Buildings (John Wiley & Sons, Inc., 1941) 




Light and Illumination 


Tlic great range in wave lengths covered by the general term radiation is 
indicated in the discussion of this subject in Chapter 22. Only about one octave 
of the entire range is capable of producing in the human eye the sensation hav¬ 
ing to do with vision. The radiations within this range are given the name light, 
and the exercise of our sense of vision depends entirely on tliese radiations. The 
adjacent octave or more on the long-wave side are often called heat waves but, 
more generally, infrared “light,’' and a similar range adjacent on the short¬ 
wave side is called ultraviolet “light.” Each is a misnomer, however, since 
neither can be used directly by the eye in the process of seeing. Whatever the 
wave length, radiations involve energy which, upon their absorption, generally 
become heat energy, cither directly or ultimately. 

29.1. Sources of Light. Light waves may be described also as electromagnetic 
waves and as such have their origin in the changes in electronic states of energy, 
generally in association with atoms and molecules. Such changes, for example, 
may be brought about through the heating of bodies to high temperatures. Per¬ 
fect radiators, in short “black bodies,” begin to glow about 500®C yet do not 
give out all the frequencies within the range of visible light with sufficient 
intensity to give the effect of “white light” until the temperature has been 
raised somewhat above 1200°C. Other bodies, being less perfect as radiators, 
require higher temperatures for the same degree of brightness. Few liquids, 
except molten metals, can be made hot enough to emit light before decomposing 
or evaporating. The electronic arrangements in molecules of gases may be dis¬ 
turbed by heat or by the action of electrical fields sufficiently high to bring 
about electrical discharges in the gas. Some of the resulting energy changes 
may cause the emission of light, but many of them lead to radiations outside 
the limits of the visible spectrum. The necessary releases of the energy required 
for radiation may be brought about also through chemical transformations 
even without appreciable rises in temperature. Certain mixtures of slow-acting 
chemical solutions may glow for a matter of hours after being mixed. Fireflies, 
glowworms, and many marine microorganisms and deep-sea animals are en¬ 
dowed by nature with means of bringing about the electronic changes required 
for the production of light. Some substances give out light, or fluoresce, as a 
result of absorbing radiation of shorter w'ave lengths. Certain types of decaying 
wood and fungi emit “cold light.” 

29.2. The Velocity of Light. Until 1675 the velocity of light was thought to 
be infinite but in that year Romer, the Danish astronomer, obtained definite 
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evidence that light is propagated at a definite and a measurable speed. He 
found that the discrepancies between the observed and the calculated times of 
certain recurring eclipses could be explained by assuming that the differences 
represented the times required for light to cross the earth's orbit. From the 
maximum observed delay of 16 min and the approximately known diameter of 
the earth’s orbit it was a simple matter to calculate the velocity of the light. 
However, neither his explanation nor his results received acceptance until the 
next century when another astronomer, Bradley, obtained by an entirely dif¬ 
ferent method full support for the work of Rdmer. 

The most accurate determinations have been made by terrestrial observa¬ 
tions. While a number of eminent physicists have carried out extensive investi- 



Fig. 29”1. An experimental method of determining directly the velocity of light 

(Adapted) 

gations, the work of the American physicist, Abraham ^lichelson, is so out¬ 
standing that it merits a description of at least the more essential steps taken. 
Any determination of a velocity must involve a measurement of a distance and 
of a time. Michelson used a distance of many miles and a scheme for measuring 
a very short time with great accuracy. The diagram of Fig. 29-1 presents the 
essential details of the method he used, certain parts of the apparatus, such as 
the prisms and mirrors, being obviously greatly magnified to give greater detail. 
Briefly stated the method involved measuring the time required for light to 
make a return trip from one mirror to another at a distance of more than 22 mi. 
Light from an arc lamp was converged by a condensing lens into a slit, S. That 
part which passed througli was reflected l)y one face, of a rotating mirror, 
il/j, through two right-angle prisms to a 24-in. concave mirror, M., which pro¬ 
jected it as a parallel beam to the distant mirror, il/y. The latter formed an 
image of the slit, S, on a small mirror, which reversed the beam and started 
it on its return trip to and tlirough a totally reflecting prism, whicli 

tlircw the converging beam onto the face, F^, of directly opposite the face 
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which reflected the beam initially. Finally the returned beam came to a focus 
at the cross wires of an eyepiece at E. 

The initial adjustment, of course, is made with at rest. As il/j is given a 
slow angular motion there will be a flash of light in E each time the initial posi¬ 
tions occupied by and F.y are occupied by any pair of faces. But when this 
mirror is given high angular velocity the return flash will be displaced to one 
side by an amount determined by the time required for a flash to make the 
round trip, and by the angular velocity of il/j. When this is made sufficiently 
high the succeeding face may arrive just in time to send the flash to its original 
position E. AVhen such is the case the velocity of the beam of light can be de¬ 
termined directly from the measurement of the total distance traveled, 2D, the 
frequency of rotation, N, and the number of faces, n, of the mirror, M. If c 
is the velocity of light, the time required to travel the distance, 2D, is 2D/c 
and identical with the time for one face to be succeeded by the next, 1/n X 1/N 
(iV is the number of revolutions per second). From this it follows: 

c = 2nND 

Both the speed and the number of faces of il/j were varied. In one case it had 
16 faces and was driven at 264 rps. One of the stations was on Mt. Wilson 
(California) and the other on Mt. San Antonio, 35,385.53 m (correct to within 
0.07 m) away. In spite of the precision of method and observations there was 
still some uncertainty as to the effect of the air, though even this was fairly 
definitely known. Nevertheless the experiment was repeated with the light path 
in a large steel tube a mile in length and exhausted to within 1 mm of a vac¬ 
uum. The final result based on a large number of experiments gave c a value 
of 2.9974 X 10'” cm/sec. The value now generally accepted is 2.9979 X 10'”, but 
for most purposes one takes the approximate value, 3.00 X 10'” cm/sec, as the 
value of c. 

29.3. Rectilinear Propagation of Light. Our common everyday experience 
leaves us with no doubt that light is propagated in straight lines. We sense 
the location of objects about us by the direction followed by the light waves 
in passing from the object to our eyes and our experience tells us that any 
opaque object placed directly in the line of sight will obstruct the view. The 
pointing of guns in rifle practice, hunting, or in war presumes the rectilinear 
propagation of light: one brings into line the two sights of the gun and the 
target. All surveying, and the determination of latitude and longitude at sea 
or in the air take this principle for granted. The astronomers have obtained 
such extreme precision on the basis of this principle that there can be no doubt 
of its validity under ordinary conditions. The various eclipses need no other 
basis of explanation. Yet when light is passed through a very narrow slit it 
does spread out in diffraction effects exactly the same way as do ordinary sound 
or water waves, a matter which is discussed in another chapter. The apparent 
rectilinear propagation, therefore, is due to the extreme shortness of wave 
length (for yellow light A = 0.0000589 cm) compared to the dimensions of ordi- 
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nary objects. Even in the field of sound it is found that supersonic waves, whicli 
have short waves, are characterized by sharp shadows. 

29.4. The Measurement of Intensity of Sources and of Illumination. In 
dealing with the problems of illumination at least four different aspects must 
be considered: the intensity of the source; the “flow of light energy” or lumi¬ 
nous flux, as it is generally called; the illumination of a surface; and the 
brightness of a surface. One might measure the intensity of the source by the 
ergs of energy radiated per second within the visible portion of its radiation, 
and the luminous flux could be, and often is, measured in terms of the number 
of ergs of visible radiant energy passing through 1 square centimeter normal to 
its direction of propagation per second. The illumination of a body is similarly 
tlefincd by the number of ergs of radiant energy in the visililc range received 
in unit time by one unit of its surface, and the brightness by the number of ergs 
diffusely reflected by a unit of surface per second. However, at the time the 
need for units in this field arose the use of candles was far more familiar than 
the basic units of energy, hence the intensity came to bo specified in terms of 
candle power. This necessarily involved the description definition of the stand¬ 
ard candle, which was quite as difficult as describing a standard horse for the 
purpose of measuring horsepower. However, each country defined the unit 
candle on some basis or other, such as its size and material and the amount 
consumed in unit time, or as a flame using an inflammable liquid at a certain 
rate, and others. The British Standard Candle was one made of spermaceti, 
weighing one-sixth of a pound and burning 120 grains per hour. No such stand¬ 
ard has been found practical so that it has become the general practice in at 
least English- and French-speaking countries to define tlie standard candle in 
terms of certain electric lamps adopted as standards. However, a new and more 
exactly reproducible standard source was adapted by the International Com¬ 
mittee of Weights and Measures in 1948. It is essentially a glowing cavity 
formed within a slender tube of fused thoria and containing a small quantity 
of thoria powder. This tube is surrounded by a body of molten platinum con¬ 
tained in a fused thoria cup which in turn is well insulated by being packed 
in thoria powder. The light emitted from the incandescent interior through an 
opening of one square centimeter at the top when the platinum is solidifying 
(1755®C) is such that the intensity of the source is by definition and agreement 
60 candle power (cp). The new standard candle, therefore, has one-sixtieth of 
this intensity. It has the advantages of reproducibility, of a “black body radia¬ 
tor,” and of the fixed temperature provided by a solidifying metal easily ob¬ 
tained in a pure state. A 40-cp source, then, is simply one which is 40 times as 
intense as this standard 1-cp source. 

Since the radiations from a lamp are given out in all directions it is ru'cessary 
to make use of the unit of solid angle, the steradian, which is the solid angle at 
the center of a sphere of unit radius which intercepts a unit area of that surface. 
One steradian, therefore, would intercept an area of r- on the surface of a sphere 
having a radius of r centimeters, as shown in Fig. 29-2(a). Since the area of a 
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splierc is iirr- the number of steradians about a point is or simply Atr. 

The luminous flux output within 1 steradian about a standard candle as a source 
is taken as the unit of luminous flux and is known as the lumen. A 1-cp lamp, 
tliereforc, sends out Air lumens and a 55-cp lamp (about a 50-watt input for a 
gas-filled tungsten filament lamp) sends out 2207r lumens. When exactly one 
lumen falls on one square foot of surface it is said to have an illumination of 

1 foot-candle (ft-c). To calculate the illu¬ 
mination of a surface due to a source of 
L candle power at a distance of d feet from 
the source one has merely to divide the 
total luminous flux, i-irL by the total area 
at* this distance, 47rd^, or: / = AnL/And? = 
L/d“. Thus it is seen that the illumination 
in foot-candles is obtained by dividing the 
candle power by the distance in feet, 
squared, assuming a surface normal to the 
direction of the source. IMost surfaces, how¬ 
ever, are oblique and this means that the 
flux within a given beam is spread over a 
greater surface, as shown in Fig. 2&-2(b). 
It is obvious that a beam supplying 1 ft^, 
represented by the line AB would have a 
width of only AC or AB cos 0 where 0 is 
the angle of incidence; that is, the angle 
between the normal and the incident beam 
of light. If, for the page of a book, the 
value of 0 is 60®, it receives only half the 
illumination it would receive if held with the page normal to the beam, a prac¬ 
tical point not always appreciated by the reader, to whom it is the illumina¬ 
tion, rather than the candle power in itself, that matters. In general, then, the 
intensity of illumination is given by L cos 0/d~, 

29.5. Photometry. The candle power of a lamp can be measured by com¬ 
paring visually the illumination it delivers with that delivered by a standard 
source. The comparison can be made reliably only when their illuminations are 
equal. If L^, an unknown lamp to be measured, is at a distance of d^ from a 
normal surface on which it gives the same illumination as a standard of 
candle power at a distance of it follows that: 

7 = Vd-, = or L^^L,{d^/d^)- 

Of the many types of photometers which have been developed, the simplest is 
the grease-spot photometer of Bunsen, shown in Fig. 29-3. Assuming the grease 
spot transmits the same fraction of light received from either side it follows 
that when the spot disappears, or appears to be the same on the two sides, the 
flux transmitted by the spot from the lamp on one side is exactly balanced by 


Unit solid 




Fro. 20-2. (a) A unit of solid angle 
at a point intercepts an area of r 
on the spherical surface of radius r, 
drawn about the point as a center, 
(b) Intensity of light on a surface 
varies as the cosine of the angle of 

incidence 


PllOTOMETny 


285 


that received through the spot from the lamp on tlic otlier side, and the illumina¬ 
tions arc equally intense on the two sides. With tins adjustment the candle 
jiower of the unknown lamp can he calculated directly from the relation given 
above. 

More refined and comi)licated types of photometers have been ilesigned to 
reduce the personal factor, the greatest source of error in photometric mcasure- 



Fic. 29-3. A mcthotl of compnrins the intensities of ilhiininations 

from two sources of light 




ments. Not only do eyes tire hut one’s judgment of inten.-^ity depends somewhat 
on his physical condition and it is very difficult to compare lamps of tlifi'erent 
color values—for example, a carbon and a tungsten lamp. Recently the develop¬ 
ment and refinement of photoelectric 
cells have made it itossible largely to 
eliminate the personal error, since the 
intensities are indicated by the de¬ 
flections of electrical instruments. Foi¬ 
st rong sources the photoelectric currents 
are measured directly; for very weak 
sources the use ot an electron tube am¬ 
plifier may be required. 

Foot-candle meters are essentially 
]>ortal)lc comi>act instruments, of which 
one type is shown in Fig. 29—t. In this 
type the current generated by the action 
of the light on the photocell causes the 
needle of the instrument to move over 
a scale graduated in foot-candles. By 
their use illumination engineers and 
others can conveniently study the illu¬ 
mination in hospitals, schools, office 
buildings, as well as in homes. Their 
wide use has contributed a great deal to 
the much needed improvement in illumination generally. Tnstnimenls of the 
same type but called exposure meters are used in photography to deti-rminc 
the proper exposure, and have scales inscribed suitably for their purpose. Their 



Fic. 20-4. Convenient meter for me.is- 
uring the level of illumination at anv 
point (Courtesy of \Ve.'tin‘:h"'i'i i 
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use makes possible the proper adjustment of both the stop and the timer. 
Instruments making use of the same basic principle are employed in dosage 
control in ultraviolet therapy by physicians. 

29.6. Physical and Practical Aspects of Illumination. The effectiveness of 
a lamp cannot in general be judged on merely its candle power, since the lumi¬ 
nous flux generally varies greatly with direction, as shown graphically in Fig. 
29-5. In this the luminous flux in any direction is represented by the radial dis¬ 
tance from the lamp to the dotted line, and to the continuous line for the same 
lamp provided with a reflector. By the use of properly designed shades and re¬ 
flectors one can obtain as much illumination on his work by a lamp of ordinary 
intensity as might be obtained from a lamp of higher intensity costing several 

times as much to operate. The permissible op¬ 
erating temperature for lamps increases with the 
size of the filament, hence the efficiency of a 
lamp increases with its wattage. For the same 
cost of operation one obtains roughly 40 per cent 
more light by using one 50-watt lamp than by 
using two 25-watt lamps. One 100-watt lamp 
would give nearly 60 per cent more light than 
four 25-watt lamps, a 200-watt 82 per cent more 
than eight, etc. Except for decorative effects or 
the need of having low intensities part of the 
time it is obviously wise to depend on large 
units rather than on a multiplicity of small ones. 

The distribution of the sources as well as their 
distances from the book or work-object requiring 
illumination are important, as is also the char¬ 
acter of the walls and other background. Tests 
by various observers show that for satisfactory seeing the immediate sur¬ 
roundings of an object to be seen should be not less than one-tenth as strongly 
illuminated as the object. Dark table tops, typewriters, file cabinets, nigs, and 
walls are iiarmful in that they require an adjustment of the eye each time they 
come into view, and have a depressing effect. Luckiesh and others have meas¬ 
ured the harmful effects of glare; that is, of “brightness in the wrong place.” 
Suppose, for example, one is reading a book under a satisfactory illumination 
of 10 ft-c, when another turns on a lamp in a direction making 40° with 
the line of sight to the book and giving an intensity of 5 ft-c at the eye. Im¬ 
mediately the elTective illumination of the book is dropped to less than 6 ft-c, 
but if the angle were made 20°, or 5°, the effective illumination would be 
dropped far more seriously, to 4.7 ft-c and 1.6 ft-c, respectively. The stronger 
the source of glare, and the more nearly it is in the line of sight the more seri¬ 
ous are its effects. Therefore, one should not sit facing a wall bracket lamp, the 
lamp of another person, or a window in daytime. Glare is particularly detri¬ 
mental to the nervous system. Physicians frequently find cases where the 



Fig. 29-5. Distribution of 
light intensity about a lamp 
in a reflector is shown bv 
curve A. For a lamp without 
a reflector the curve has the 
form of B 
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"nerves” of tlieir patient are due to prolonged reading or working under in¬ 
adequate or improperly arranged lighting, and many times can connect other 
disorders to eye troubles. The glare of an oncoming car headlamp constitutes a 
serious menace to safety in driving at night since it is impossible to avoid 
small angles, and not every one elYectually dims his headlamps. Even street 
lamps, bright electric signs, and the like arc frequently so improperly placed 
that they are a danger to traffic. Light sources invisible directly may cause 
glare through the reflection of light from glossy paper or other specularly re¬ 


flecting surfaces lying on one’s desk, or the paper of the book itself may be 
responsible. Therefore, one should avoid sitting facing a window or a strong 
light even though the offending source docs not send light directly into the eye. 
The reader’s own light should be well to the left of the line from his eyes to his 
object, assuming he writes with his right hand. 

29.7. Luminance. Luminance is a term which has come into use to replace 
the more general term brightness. After all it is the light diffusely reflected to 
the eye that the eye utilizes, not what happens to strike the object, since the 
latter, if white paper, may reflect 85 per cent, but if black velvet, only 1 per 
cent. The unit of luminance, now widely used as being more significant than 
foot-candles, is defined as the luminance of a surface receiving one foot-candle 
and diftusively reflecting 100 per cent of the light, and is called the foot-lambert 
(ft-L). Thus the paper and the velvet just mentioned have luminance of 0.85 
and 0.01 (ft-L), respectively, when illuminated with 1 ft-c. An allumination of 
10 ft-c on a book printed on a good white paper with dead black ink affords 
good seeing and gives the book a luminance of 8.5 ft-L. But the same illumina¬ 
tion on black velvet gives it a luminance of only 0.1 ft-L, wholly inadequate 
for seeing ]iroperly. Work on such material should not be attempted except in 
daylight. Again it is seen that the matter of securing optimum conditions for 
seeing involves both the inten.'^ity of illumination, expressed in foot-candles, 
and the diffuse-reflection factor (drf), of the object and of its surroundings as 
well; or, more briefly, seeing depends on luminance. 

The visibility of printing done with black ink on black paper is zero, but it 
is no better with white ink on equally white paper, even though its luminance 
is at a proper level. Obviously visibility depends on the contrast in brightness, 
which has been defined thus: 


Brightness contrast (in per cent) = 100 


drf of background — drf of object 


drf of background 

As examples: ink having a diffuse reflection factor of 0.03 printed on paper liv¬ 
ing a factor of 0.85 would have a brightness contrast of l85 — 3) 85 = 90.5 jH'r 
cent, while the same ink on a dark gray paper with a factor of 0.08 would have 
a brightness contrast of only (8 — 3)/8 = 62.5 per cent. Tlie importanct' of this 
principle is not universally appreciated by either publishers or sign aiii>ts. It 
is hard to conceive the damage done to the eyes of childnai by the extnMiiely 
low contrast given th‘* colored comic strips. The use of glossy ink is undesirable 
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since its low diffuse reflection factor greatly lowers the effective brightness 
contrast. The luminance and brightness contrast required depend also on the 
fineness of detail to be seen clearly. For example, if 10 ft-c are needed for easy 
reading of 12-point type (l/6th in. high) the illumination required for 10-point, 
8-point (usual newspaper size), and 6-point rises to 15, 21, and 36 ft-c, respec¬ 
tively : yet few arrange for any extra illumination for the reading of newspapers. 
For the assembling of fine instruments and many other kinds of work involving 
the seeing of great detail even 100 ft-c is insufficient. The problem is especially 
acute in garment factories. Since the thread used is generally chosen to match 
the garment the brightness contrast is nearly zero, yet in many cases garment 
workers are given no more illumination than the office workers where the con¬ 
trast is high. Tlie fact revealed by an investigation that 78 per cent of the gar¬ 
ment workers have eye defects requires no comment. 

It is neither necessary nor practical to provide a general illumination in a 
room equal to that required for seeing the work-object. But it should supply not 
less than one-tenth of what is needed, and the rest should be provided by close, 
individual lamps. Having nearly white ceilings, light colored walls, light 
finished woodwork and office equipment or light painted machinery in machine 
shops would greatly aid in securing the necessary brightness of background. 
Even brighter-than-usual floors are advisable. 

29.8. Recommended Illumination. It is difficult to make any general recom¬ 
mendation as to proper illumination since there are so many variable factors 
involved such as age and eye condition of the person concerned, type of seeing 
to be done, nature of background, diffuse reflection factor, and brightness con¬ 
trast. This explains the wide disagreement among specialists on illumination. 
In general, the intensity of illumination should be not less than 10 ft-c for 
reading books or twice that for newspapers. The values indicated in the follow¬ 
ing table are suggested as the minimum that should be provided. 

Foot-candles 


Hospital operating rooms, general 50 ft-c, operations area . 1000 

Dental clinic, general 50 ft-c, patient’s mouth area. 200 

Bookkeeping and auditing rooms . 20-30 

Drafting room . 40 

Offices, classrooms, laboratories, factories. 15-40 

Libraries . 20-30 

For good seeing in noncritical work . 5-10 

Sufficient for seeing large objects and casual work . 0.2 to 5 


The background brightness should be not less than one-tenth that of the ob¬ 
ject. The case of operating room merits special consideration. Most major op¬ 
erations involve a deep penetration of the body cavity through an opening 
always kept as small as may be consistent with good technique. To avoid the 
interference of the shadows of the hands of the surgeons and of instruments 
the light should be thrown from many divergent directions, and to give tnie 
colors a close approach to daylight quality is highly advantageous. Formerly 
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the converging beams were obtained by using a cluster of widely spaced lamps; 
latei an improvement was made tlirougli the use of a more powerful central 
lamp surrounded by mirrors onto which light from the central lamp is directed 
and concentrated by lenses set into its case. While for the general illumination 
fluorescent lamps set into ceiling recesses have found favor it would appear that 
for the operating table the type shown 
in Fig. 29-6 has many advantages. It 
is highly adjustable with respect to 
angle, height, and horizontal position, 
and provides the choice of three in¬ 
tensities, 1250, 1750, and 300 ft-c. It 
is virtually glareproof from any di¬ 
rection, and its large effective source 
reduces the likelihood of any inter¬ 
ference from shadows. 

In the home and in the school spe¬ 
cial provision should be made for 
those of impaired vision, for they may 
need perhaps two or three times the 
normal intensity. A person 60 years 
of age generally has pupils whicii ad¬ 
mit only half the light they admitted 
at the age of 30, and should have 
twice the intensity neerled bv the 

V ^ 

normal eye. No strong light or win¬ 
dow should be near to the side of 
cither eye since considerable diffuse 
light is transmitted even through the 


Fig. 20-6. A Inmp designed for use in oper¬ 
ating rooms. Poth intensifv and direction 
% controlled conveniently (Courtesy 
of Ingram and Bell, Toronto) 


sclerotic coat into the interior where it 

not only dulls the images but introduces a strain-iuoducing dift'erence between 

the two eyes; a shield between such a liglit and the eye should be‘provided. 

Side-light intensities should be low. and balanced for the two eves. 

% 

The marvelous adaptability of the eye is seen in the fact that it can readily 
adapt itself to intensities ranging from pale moonlight of 0.02 ft-c to daylight 
shade ranging from 1000 ft-c up, even to surfaces in direct sunlight which may 
receive as high as 10.000 ft-c. 


Thoblems 

1. A.-suming the effective distance ])et\veen the two .stations in MichelsonV experiment 
to have been 35,400 m and that he was using a rotating mirror of 32 f.iees what mu't 
have been the angular speed in rotations per second if hi.s result for the velocilv of 
lisht was 3 X 10*" em/see? (.4ns. 132.G rp.s) 

2. If a 100-watt, 125-cp lamp gives an illumination on a i)ai;e held normal to il'‘ ra\'s 
of 10 ft-c, how far away is the lamp? How close would the lamp liave to be brought 
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to tile book to give the same illumination if the angle of incidence was 60° as is often 
the case? 

3. Find the efficiency in cp/watt for the lamp of Problem 2. A few decades ago 
carbon-filament lamps were in use which gave an efficiency of cp/watt. What wattage 
would be required to obtain the same illumination from such carbon lamps as from 
this 100-watt gas-filled lamp? (Ans. 1.25 cp/watt; 375 watt) 

4. Would it be better to place highway lamps on brackets extending over the high¬ 
way to its mid-line, or on posts at the side? Assume the brackets to be 15 ft long, and 
the lamps to be mounted 20 ft above the road level in each case. Compare the illumina¬ 
tions for the two cases for a point in the middle of the road directly in front of the 
lamp post. What other factors must be considered before deciding the matter? 

5. A student finds that his old 60-watt lamp is running at only 55 per cent efficiency. 
How many days would it take to waste the cost of a new lamp, 20 cents, if the cost of 
running the lamp is 0.6 cent per hour and it is burned 5 hr daily? (Ans. 15 days) 

6. A certain classroom has 6 ceiling lamps of 200 watts each. Find the cost of oper¬ 
ating them per 7-hr day at 5 cents per kilowatt-hour. What would it cost to give the 
same illumination by using indirect lighting if the ceiling has a reflection coefficient 
of 40 per cent? 

7. The efficiency of a lamp may be cut as much as 20 per cent by a layer of dust 
on the lamp. What w’ould be the daily cost of leaving such a layer on the lamps of 
Problem 6, assuming the indirect system is in use? (A?is. S0.21 per day) 

8. A 60-cp and a 50-cp lamp are on the ends of a photometer bench 120 cm long 
with the photometer head midway between them. A 5-cp lamp is placed on the side 
of the weaker lamp and moved to the point x centimeters from the photometer to 
balance the illumination. Find x. 

9. Two 50-cp lamps are each 60 cm from the photometer head. A large white card 
placed behind one so increases the intensity that the other has to be moved to the 
50-cm point to balance the illumination. What is the reflectivity of the card? (Atw. 44 
per cent) 

10. Two 125-cp lamps are mounted 6 ft apart and 4 ft over a horizontal drawing 
fable. Find the illumination in foot-candles at a point directly under each lamp and 
also at a point midway between these points. 

11. What will be the luminance of the drawing paper at the mid-point if its diffuse 
reflection factor is 80 per cent, in Problem 10? If the India ink used on the paper has 
a diffuse reflection factor of 4 per cent, what is the brightness contrast of drawings on 
the paper? {Ans. 6.4 ft-L; 0.95) 

12. If the operating room lamp shown in Fig. 29-6 shows an illumination intensity 
of 1,500 f-c through an incision into an abdominal cavity having a diffuse reflection 
factor of 12 per cent, and if tw^o-thirds the available light is prevented from entering 
the cavity by the surgeon’s hands, what is the effective luminance of the cavity ex¬ 
pressed in foot-lamberts? 

13. For reading purposes a student uses a 50-cp lamp at a distance of 40 cm. For 
making drawings he changes to a 125-cp lamp and adjusts the distance to give twice 
the illumination. At what distance does he place it? (Ans. 44.7 cm) 

14. On a photometer, balance is obtained when lamp A is at 80 cm. With a sheet of 
developed x-ray film interposed A has to be moved to 50 cm to obtain balance. What 
percentage of the light does the film transmit? 


Suggested Readings 

Burton, E. F., Grayson-Smith, H., and Quinlan, F. M., College Physics (Sir Isaac Pit¬ 
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Reflection of Light 


30.1. Reflection by a Plane Mirror. In Chapter 24 proof was given that 
when a wave strikes a plane reflecting medium, the angle of incident is equal to 
the angle of reflection. The angle of incidence is defined as that between the in¬ 
cident ray and the normal to the surface at the point where the incident ray 
strikes; the angle of reflection is between the same normal and the reflected 
ray. The incident ray, the normal, and the reflected ray all lie in the same plane 
which is itself normal to the reflecting surface. It easily can be proved also that 
the image of the object, in case the reflecting surface is plane, is as far behind 
this surface as the object is in front, and that they lie in the same normal to the 
surface. Consider light waves spreading out from an object, 0, and striking the 
reflecting surface, shown in Fig, 30-1 (a) at the point P, and let ACB represent 


B 



(a) (b) 

Fig. 30-1. (a) Reflection of light waves from a plane surface, (b) Geometrical loca¬ 
tion of the image of a point, and of an object 

the position that a wave would have occupied at a certain instant had the 
reflecting surface not been present. That part which struck at P was turned 
back and traveled to D, rather than to C, hence DP must have the same value 
as PC. Other points in the reflected wave front correspond in the same way to 
points along the wave front represented by the arc ACB. By constructing the 
return wave front, ADB, on the Huygens principle (see Chapter 24) as sug¬ 
gested by the small circles, it is seen that the curvature of ADB and ACB are 
identical. From this it follows that the center of curvature, 0\ of the spherical 
reflected wave represented by ADB lies the same distance below the plane AB 
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fis^O is abo\ e that plane, and also that OPO* is normal to the reflecting surface. 

liie same conclusions would follow from a simple geometrical proof by con¬ 
sidering the aiiparent line of sight to the image from each of two different posi¬ 
tions of the eye, E and E', as shown in Fig. 30-1 (b). The ray from the source 
to E follows the path OAE, and that to E' the path OBE'. Since the angle of 
incidence equals the angle of reflection (f = r), it follows that the acute angles, 
OAP and which are the complements of the equal angles i and r, must 
likewise to be equal. Therefore the right triangles OAP and 0'*1P are equal, and 
OP is equal to PO'. In a similar manner, the equality could be proved for the 
ray reflected at the point B. Since the two reflected rays AE and BE% when 
projected backward, meet at point O' and at no other 
point it follows that all rays originating at 0 and re¬ 
flected by the mirror in the horizontal plane through 
PAB must pass through the point O'. Therefore O' is the 
true image of 0. Since 0 was any point it follows that 
the image of each point of an object, such as the arrow 
shown in (b), must be equally distant from tlie mirror 
AB and lie on the same normal to the mirror as the 
corresponding point of the object. For the eye at posi¬ 
tions from E to E' no use could be made of any portion 
of the mirror except that between .1 and B\ the mirror 
does not need to extend between 0 and O', and generally 
does not. The point P lies in the plane of the mirror, not 
necessarily on the mirror itself. One may view his full- 
length image in a j)lane mirror mounted vertically on 

the wall if it is as long as half his length, whatever distance he stands from 
the wall. \ wry small mirror mounted near the eve or in a surgical instrument 
enables one to take in a wide sweej) of objects as the plane of the mirror is 
rotated. 

30.2. Examples of the Practical Use of Plane Mirrors. In earlier chapters 
the u.«e of mirrors in the study of wave motion and in the determination of the 
velocity of light was descril)e<l. Fveryone is familial' with the wartime and also 
the peacetime uses of periscopes. Plane mirrors are u.sed in a great variety of 
instruments to supply a weightless ‘pointer.” .\n example of such a use is shown 
in Fig. 30-2 which diagrammatically represents a galvanometer. For a lieflec- 
tion of 10° the reflected ray moves through 20°, since 10° is added to both the 
incident and the reflected ray. The sensitivity is equal to tliat obtainable' by a 
piiysical pointer twice as long as the distance from the galvanometer to tiu' 
scale. SS', in tlu! (‘xample shown, and is obtained without the weight and 
space which would be required by a physical pointer. 

In a vertical plane mirror one gets only a laterally rever.'^ed imagi* of him¬ 
self, since his right side is still on the right side of his image wvn tliough the 
latter has “about-faced.” The image bears the same relation to the ()b.^t r\cr as 
his glove for the right hand bears to the one for tlie left hand. Hy placing a 


Fic. 30-2. Fse of .i 
lighf-rnv 

on instruments, such 
as a galvanotnetcr 
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second vertical plane mirror at right angles to the first and giving the light two 
reflections before returning to the observer he is then able to “see himself as 
others see him.” It is important to note that his image does not move as the 
mirror combination is rotated about a vertical axis of intersection; since as 1° 
is added to the angle of incidence in one mirror it is subtracted from that of 
the other and the final reflected ray returns parallel to the first whatever the 
orientation, as should be apparent from Fig. 30-3. A third plane mirror so 


Fig. 30-3. The image formed by two plane mirrors at right 
angles to each other remains fixed even though the combina¬ 
tion be rotated about their line of intersection 


mounted that the three are mutually perpendicular, like the faces of a cube at 
one corner, makes possible three reflections, and the light is thrown back 
parallel to its original direction whatever the orientation in space. Mirrors 
embodying this principle are mounted on the rear of bicycles or vehicles in 
general and on highway signs and have the advantage of throwing back to the 
motorist the light from his own headlights whatever his position or that of the 
reflector, or whatever its orientation as long as the incident rays are well within 
the trihedral angle formed by the three plane mirrors. 

30.3. Diffuse and Specular Reflection. The type of reflection received from a 
mirror is termed specular reflection. Reflected light which in direction bears no 
relation to the incident-ray direction, as 
suggested by Fig. 30-^, is called diffuse. 

White paper, plaster of Paris, in fact most 
layers of white powder are excellent 
sources of diffuse light. Even grinding the 
plane face of a mirror will enable it 
to reflect a large proportion of the inci¬ 
dent light diffusely, even though this 
does not affect the nature of the reflecting 
material. It merely produces myriads 
of microscopic faces oriented in many directions and each is so small that 
spreading by diffraction takes place. The eye can gather light from any part of 
such a surface regardless of the location of the source of light, hence without 
any tendency to focus on the source itself. The importance of a high diffuse 
reflection coefficient for good seeing must be obvious. 

30.4. Concave Spherical Mirrors. The image produced by any type of 
mirror lies on the normal drawn from the object to the mirror. However, to lo- 



Fig. 30-4. Rough surfaces give 
diffuse reflection 
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cate the image an intersection by a second ray from the object is necessary, 
and this may fall either behind the mirror as in the case of plane and convex 
mirrors or, under certain conditions, in front of the mirror in the case of a 
concave mirror. In the latter instance the light rays actually pass through the 
position of the image which can be made visible by placing a white card at its 
position; in short, it is a real image and is always inverted due to the cross¬ 
over of the rays. This is in contrast with the images seen in the cases of plane 
mirrors and convex mirrors, winch appear to be behind the mirror and erect. 
But no light actually reaches the position of such an image, and it cannot be 
made visible by a screen placed at its location. Therefore such images are 
called virtual images. 

The action of a concave mirror is most easily explained by graphical means, 
using a geometrical diagram such as provided by Fig. 30-5. The line passing 




Fin. 30-5. (a) Plane-front light, waves may he brought to a focus by a concave mirror, 
(b) Geometrical method of determining location and magnitude of a real image formed 

by a concave mirror 


through the center or vertex, V, of the mirror and its center of curvature, C, is 
known as the principal axis of the mirror. Light from a distant source will 
have virtually plane wave fronts which in the diagram of (a) are represented 
by the series of parallel vertical lines. As each wave approaches, the mirror turns 
back its outer portion after which this portion of the wave travels in the reverse 
direction while the central part goes on until it strikes at V. Thereafter all that 
part of the wave which was intercepted by the mirror travels backward with a 
new wave front having twice the curvature of the mirror itself, since the outer 
portion travels back a distance equal to VW while the central point is still 
going fonvard. The form of the return wave is determined, of course, by the 
Huygens wave construction. Having twice the curvature of the mirror, the 
waves advance to a center or focus at a point F, just halfway between V and 
the center of curvature of the mirror itself, C. F is known as the principal focus 
of the mirror. The distance of F from the mirror is called the focal length of 
the mirror. 

The wave diagram just explained represents the physical action of the con- 
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cave mirror but does not lend itself so conveniently to a mathematical proof 
as does the equivalent ray diagram, shown in Fig. 30-5 (b). In this rays, or 
normals to the advancing wave fronts, drawn in the directions of interest, are 
easily treated on the principles of plane geometry and will be used in this 
and also in following cases though one should keep in mind the wave nature 
of the phenomenon. Let AB be the object of which the mirror forms an image 
A’B'. AM is drawn parallel to the principal axis and, therefore, represents verti¬ 
cal wave fronts. At M the angle of reflection must equal the angle of incidence, 
hence MF makes twice the angle with respect to AM that is made by the 
radius of the surface, MC. Therefore the reflected ray will strike the principal 
axis at a point halfway between V and C, in line with what one would expect 
from the diagram in Fig. 30-5(a), providing AM is not too distant from BV. 
A ray ACN strikes the mirror normally, hence is reflected directly back on its 
own path and meets the reflected ray MF at A\ which is therefore the image of 
A, since only two intersecting lines are needed to determine a point. A third ray, 
AVA' is useful since it supplies similar triangles AVB and A'VB'. Let the dis¬ 
tance of the object from the mirror be u, and the distance of the image from 
the mirror be v, as indicated in the diagram, and let r and / represent the radius 
of curvature of the mirror surface and the focal length, respectively. From the 
similarity of the triangles mentioned and of also the triangles of ACB and 
CB'A' it follows that the ratio of the length of the image 7, to that of the object 
0, is equal to each of two ratios of distances, that is, 

I _ V r — V 

0 u u — r 

hence, uv — vr = vr — uv 

Transposing and dividing by ruv, 

vr ur = 2uv and l/u + 1/v = 2/r = 1// 

since / has been shown to be equal to half the radius. From an inspection of this 
equation it is seen that u and v enter in exactly the same way, hence they 
could be interchanged; also, from a physical standpoint, it is seen that, if A'B' 
were considered the object, its image by the same construction would be 
formed at AB. This is an example of a general principle in optics that liglit 
paths are always reversible; that is, a light ray cannot follow a path in one 
direction that a ray could not follow in the reverse direction. Fig. 30-5(b), 
therefore, can serve for the case where the object is between the C and F. For 
such a case it is seen that the image is larger than the object, real, and, of course, 
inverted. It follows likewise that Fig. 30-5fa) serves for the case where the 
object is at F. The light from any point of an object in this position would go 
out from the mirror in a plane wave, hence form no image. 

The case of an object between F and that is, an object inside the principal 
focus, is of especial interest and importance. In Fig. 30-6(a) is seen a small 
wave-diagram included to show that the incident waves from A strike at the 
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vertex V before striking at the edges of the mirror as in the previous case. This 
means that the curvature is reversed and tlie reflected waves appear to have 
a center back of the mirror A', just as in the case of the reflection of waves 
from a plane mirror. It, therefore, follows that the image is formed back of the 
mirror, that it is virtual, and erect. For many cases this is actually an ad¬ 
vantage, as will be seen. The ray-method diagram of Fig. 30-6(b) enables one 
to determine the position of this virtual image geometrically. After drawing the 
three rays as before through A it is seen that they meet at A' behind the mirror 
rather than in front as in the previous case and that the intersection of the rays 
at A' is on the same side of the principal axis as is A the object. This means that 
the image is erect, as inferred from the fact that it is virtual. From the simi¬ 
larity of triangles ABV and A'B'V it is seen that again the ratio of the image 
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Fig. 30-6. (a) Fonnafion of a virtual image by a concave mirror^ (b) Geometrical 
location of the virtual image of an object formed by a concave mirror 


size to the object size is the same as the ratio of their distances from the mirror, 
and also as their distances from the center of curvature of the mirror, a gen¬ 
eral rule. Algebraically it follows; 


7 

0 


r -P V 
r — u 


u 

- ru uv = rv — uv and 1/a — 1/v = 2/r = 1// 


It is seen that the equation for the case of virtual images is the same as for the 
formation of real images, except for the sign of v. One might make use of the 
two different equations, hut it is simpler to use only that for tlie case of a con¬ 
cave mirror forming a real image, and consider all quantities positive for tliis 
case; any negative value of v obtained in a problem would tlien be considered 
as being measured behind the mirror and indicating a virtual image, and in 
problems dealing with known virtual images the f-value is to be taken as 
negative. Two examples will be given to illustrate the use of the efjuation in 
the solutions of problems dealing with concave mirrors. 

Example 1 .—A student places an object 4 cm high, 50 cm from a concave 
mirror having a radius of curvature of 20 cm, then moves it to a jioint 8 cm 
from the mirror. Find the location and the size of the image for each position. 
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In the first case the value of u is 50 cm, r is 20 cm. By substitution: 

1/50 + 1/v = 2/20 = 1/10 
from which v — 12.5 cm 

The length of the image is 4 X 12.5/50 — 1 cm. Similarly for the second posi¬ 
tion 1/8 + l/v = 1/10 from which v — —40 cm. The negative sign indicated 
that the image is a virtual one, hence behind the mirror and erect. Its length is; 
7 = 4 X 40/8 = 20 cm. In computing the size of an image one pays no attention 
to sign since the size depends on the distance from the mirror, whether in the 
positive or in the negative direction. 

Example 2 .—A man uses for shaving a spherical concave mirror in which he 
sees an erect image twice his size when his face is 10 in. from the mirror. What 
is its radius of curvature? Since the image is twice the object in dimensions v 
must be twice u, or 20 inches, and this value must carry the negative sign since 
the image is erect and virtual. Substituting: 

1/10 - 1/20 = 2/r 

Solving, r = 40 in. 

30.5. Convex Spherical Mirror. The action of a convex spherical mirror is 
similar to that of a concave mirror except for the fact that whatever the dis¬ 
tance of the object from the mirror the vertex of the advancing wave must strike 
that of the mirror, V, before any other part does. This means that in all cases 
the direction of curvature is reversed and the image is in all cases formed be¬ 
hind the mirror and, therefore, is virtual and erect. The action on the waves is 
indicated in Fig. 30-7(a), and the ray diagram is given in (b). By following 
the same procedure as in the case of concave mirrors, using magnitudes as in 
geometry, it readily can be shown that: 

1/u - \/v = -2/r = -1// 

The proof is left to the student. The important point to note is that all images, 
including the focal point of parallel light, are behind the mirror, hence both v 
and / are negative. This suggests a very convenient rule of signs, which ap¬ 
plies to both types of mirrors. Take the simple case of a concave mirror forming 
a real image as standard and give all quantities the positive sign. Any term 
depar-ting from the standard must be considered negative; and conversely, if 
the solution of any problem yields a negative vahie, the direction for the term 
is a departure from the standard. To illustrate: in the second example given 
above, the image was to be erect and virtual, hence it is a departure from the 
standard which requires a real, inverted image. It, therefore, was given a nega¬ 
tive sign. All images are virtual in the case of convex mirrors, hence v is nega¬ 
tive in all cases, and, since the center of curvature of a convex mirror lies 
behind the mirror, both r and / have negative values. With this convention the 
simple relation: 


1/u + l/v = l/f (or = 2/r) 
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may be used for either concave or for convex mirrors, wherever the object or 
image, and, as will appear later, may be used also for both types of lenses. 

30.6. Some Practical Uses of Spherical Mirrors. Concave mirrors vary 
widely as to size and focal length. The largest and most famous is that mounted 
in the 200-in. telescope in use on Mt. Palomar in southern California. Its re¬ 
flecting surface was ground on a casting of pyrex glass nearly 17 ft in diameter 
and weighing approximately 20 tons. The tiniest mirrors are probably those 
mounted in certain “scopes” used by the surgeon. Doctors make frequent use of 
a concave mirror mounted on the forehead and provided with a peephole in the 



Fig. 30-7. (a) Plane-front light rays are brought to a virtual focus by a convex mirror, 
(b) Geometrical method of locating the image formed by a convex mirror 


center of the mirror, but the most familiar is that used by the dentist in view¬ 
ing the posterior surfaces of the teeth of their patients. It has a focal length of 
nearly 20 cm and gives some magnification in addition to aiding in illumina¬ 
tion and affording a view of the otherwise hidden surfaces of the teetli. All 
projection lanterns utilize a small concave mirror immediately back of the 
lamp bulb, which serves to return to the filament that light which otherwise 
would have been lost to the rear. Concave mirrors are used to concentrate light 
on microscope slides. Most telescopes made by amateurs have a concave mirror 
in place of a lens objective. Concave mirrors have the very great advantage 
over their equivalent lenses in the fact that their action is a surface action 
and is the same for all wave lengths of light, whereas the refraction of light 
by lenses depends materially on the wave length of the light. A mirror requires 
the grinding of but one surface; a lens has two, and usually a combination of 
several lenses is required to eliminate color aberration. 

Convex mirrors are not so widely used as they produce only small virtual 
images. Trucks and some cars use convex mirrors mounted at the side to afford 
a view of the rear. Being convex the normals to the surface diverge and thereby 
afford a wide field of view. On the other hand, the images produced are all 
witliin the radius of the mirror and therefore small; hence one cannot judge 
by the image the distance or the size of any object. Some trucks carry also a 
plane rear-view mirror. Beads are widely used in ornaments since whatever 
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the location of any light shining upon them their convex surfaces form images 
within the beads visible to all who can see the beads. Pocket mirrors are gen¬ 
erally made convex since a small mirror can form an image of the entire face, 
though the distortions due to its small radius of curvature are such that the 
image is none too complimentary. 

30.7. Caustic Curves and the Parabolic Mirror. In the above discussion of 
the concave mirror, it was pointed out that rays of light parallel to the principal 
axis were reflected through the principal focus. Actually this is true only when 
the diameter of the mirror is small compared with the radius of its curvature. 
A ray meeting the mirror at an angle of 45° will be reflected and cross the axis 
at 90°, hence at a distance of r/\/2 or 0.707 r and not 0.5 r which is taken as the 



(a) (b) 

Fig. 30-8. fa) In the case of a wide angle spherical mirror only rays near the axis are 
reflected through the true focus. The outer rays on reflection define a caustic curve as 
shown. Thi.s is an example of spherical aberration, (b) All rays parallel to the axis of 

a parabolic mirror are reflected through the focus 

l)nncipal focus. A ray having an angle of 60° with the radius of the mirror will 
be reflected through V, or at a distance of r from the center, not just 0.5 r. The 
farther from the axis the parallel ray the farther it misses F. In Fig. 30-8(a) 
is shown the paths of a number of parallel rays and a curve tangent to their 
reflected paths. This curve is called a caustic and must be familiar to anyone 
who has seen the cusp of light on the surface of the tea in a nearly full cup 
wiicn it is illuminated by a strong light. In this case the rim of the cup serves 
as a cylindrical concave mirror, the caustic surface for a spherical mirror has 
the form that the caustic in the teacup would trace out if rotated about its 
principal axis, and the point of this surface would be at F. Such imperfection in 
the focusing of si)hcrical mirrors is called spherical aberration, and limits the 
usefulness of concave mirrors where sharp images are required. 

It is possible to flare out the outer parts of the mirror to such an extent that 
amt ray parallel to the axis and striking the mirror is reflected through its 
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focus. Near V little modification is needed, but the departure from the spherical 
surface increases with the distance from the axis. In Fig. 30-8(b) is shown a 
curve giving the form of a mirror which satisfies this condition. Such a curve 
is called a parabola, and, if rotated about its principal axis, it would generate a 
paraboloid. A mirror having this form reflects all rays parallel to its axis 
through its focus and, conversely, all light originating at F will be sent out in a 
parallel beam. This means that a strong light placed at F will give a beam which 
will not decrease in intensity with distance except by any absorption suffered, 
or on account of any lack of perfection of the surface or location and size of 
the light. By placing tlie source nearer to or farther from the mirror than F 
the beam may be given divergence or convergence, respectively. All automobile 
headlamps, as well as searchlights, make use of parabolic reflectors, rather 
than spherical. The latter suffer from spherical aberration when acting as a 
reflector as much as when used to form images and, if a beam of parallel light 
is not brought to a focus at F, then a source of light at F cannot possibly send 
out a parallel beam. 


Problems 

1. Make a diagram representing yourself standing before a vertical plane mirror 
and show that it is possible to see your entire length with a mirror only half as long, 
and that it does not make any difference how close you stand, so far as length of mirror 
is concerned. 

2. A dressmaker holds a small plane mirror 3 ft horizontally in front of the bottom 
of a dress to enable the purchaser to get a view of the hem, 4 ft below the latter’s eyes. 
At what angle with the vertical should the plane of the mirror be held? 

3. Make a full-scale drawing showing an object 1.5 in. high placed 6 in. in front of 
a concave mirror having a radius of curvature of 4 in. Check the location and the size 
of the image, as determined by construction with the corresponding values determined 
by calculations. (.4hs. 3 in.; 0.75 in.) 

4. Repeat Proi)lcm 3 except with the object placed 1.25 in. from the mirror. 

5. A concave mirror having a radius of curvature of 6 ft faces a projection screen 
20 ft away. How far from the mirror must a lamp be placed to produce its image most 
clearly on the screen? (Ans. 3.53 ft) 

6. .\n object 3 cm in height is 20 cm from a spherical mirror having a radius of 
30 cm. Find the location and the size of the image if the mirror is (a) concave, and 
(b) convex. 

7. A student has two spherical concave mirrors, M and N, each with a diameter of 
20 cm. The radius of curvature of M is 30 cm and of N 60 cm. Compare the sizes of 
their images of the moon, and also the brightnes.ses. (Optional: Find luminance of the 
spots if the cards have diffu.<e reflection coefficient of SO per cent, the intensity of 
illumination of the moonlight is 0.005 ft-c, and the moon subtends an angle of OOODO.") 
radian.) {Ans. In is one-half as hirge but four time.s as intense as /v (Optional}; 
In = 88 ft-L. Is = 22 ft-L) 

8. A boy wishes to start a fire by using a “concave mirror.” Explain whether he 
should choose one of long or of short focal length, assuming the same diameter. 

9. Assuming the angular diameter of the sun is one-half degree, find the iliameter in 
millimeters of the image of the sun obtained by an amateur astronomer with his liome- 
made reflector which has a mirror with a focal length of 150 cm. (.4«s. 13.07 mm) 
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10. How far is the face of a student from a concave shaving-mirror having a radius 
of curvature of 80 cm if his image has twice the dimensions of his face? 

11. Using a spherical mirror whose radius of curvature is 30 in., an observer finds 
two positions for an object 2 in. long where the image formed is 6 in. long. What type 
of mirror has he, and where are these positions? Concave mirror; 20 cm for real 
image, 10 cm for virtual image) 

12. A student has two concave mirrors, A and B, which he mounts facing each other 
and 60 cm apart. He places an object 2 cm long 120 cm in front of B which forms 
an image between A and B, of which A forms an image beyond B; the mirrors, object 
and image being just enough out of line to avoid interference. If the focal lengths of 
A and B are 16 and 30 cm, respectively, where and how large is the final image? 
Include a drawing representing the arrangement. (Suggestion: solve in two stages.) 



31.1. Refraction at a Plane Interface. In the chapter on Wave Motion there 
is given a discussion of the bending; that is, the refraction wliich waves of anv 

s 

type sutler as they pass obliquely from one medium into another in which the 
speed is different. If the speed of the waves in the second medium is lower, the 
direction of propagation is bent toward the perpendicular to the plane of the in¬ 
terface; if higher, tlie refraction is away from this perpendicular. Also proof 
was given of the Snell law of refraction, that the ratio of the sine of the angle 
of incidence to the sine of the angle of refraction is the ratio of the velocities 
of the waves in the two media. In dealing with light waves the velocity of light 
in a vacuum is the velocity to which the velocities in other media are compared, 
and the ratio of the velocity of light in a vacuum to that in a particular medium 
is known as the index of refraction of that medium. In actual practice it is the 
ratio of the velocity in air to that in another substance that is likely to be 
measured, but, since the index for air itself is only 1.00029, the difference is 
generally ignored. The angles measured are those indicated in Fig. 31-1 (a). 
In case a ray of light passes through a transparent body having parallel faces, 
the final direction is the same as its initial one, because the refraction on 
emergence is exactly equal and opposite to the initial one. Consider the case of 
a ray passing through a thick glass plate as shown in Fig. 31-1 lb). If the index 
of refraction is indicated by n and subscripts are used to indicate its values 
for various substances, the following relation holds for the first surface: 

n,j/n^ = sin i/sin r 
and for the second surface: = sin f'/sin r' 

By multiplication: 1 == sin i/sin r' since r = i'. It follows that i = f and the 
emergent ray has the same direction as the incident ray, as would be concluded 
from an inspection of Fig. 31-1 (b), and also from the rule that light paths are 
reversible. The lateral displacement, d, depends on n and i, as well as on the 
thickness of the plate. Tlie emergent ray would still be parallel to the incident 
ray even if three or more parallel layers were in its path. 

31,2. Refraction in a Medium of Varying Optical Density. Mirages. Tlu' 
change in direction in passing from one medium into another is exactly (lie 
same whether the change is abrupt as in the cases given, or wliether tlu're is a 
gradual change in velocity, as would be the case for light coming from tlu* sun 
through the earth’s atmosphere in which the density increases as the light 
a]>proaches the surface of the earth. Its direction is the same as it would be 
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with the same weight of air, but of uniform density, surrounding the earth. Its 
actual path is curved, as indicated in Fig. 31-2(a). The bending of the rays of 
light from the stars and from the sun due to the earth’s atmosphere must be 
taken into consideration by astronomers, particularly when observing bodies 
near the horizon. When the sun and the moon are low in the sky the apparent 
positions differ from their real positions by approximately their own diameters. 
That is, when the disk of either appears to the observer to have just reached the 
horizon as indicated by the dotted line, the body has actually gone below the 



Fig. 31-1. (a) A ray of light is bent 
toward the perpendicular as it enters 
a medium in which the speed is less, 
(b) A ray of light passing through a 
plate of transparent substance 
bounded by parallel planes emerges 
in a direction parallel to its original 

direction 




Fig. 31-2. Light rays are refracted when 
passing through air layers of varying 
density, (a) The stars and the sun are 
not in the exact direction they appear 
to be. (b) A hot roadway appears glassy 
due to refracted sky-light, (c) Ships at 
sea loom above the horizon 


horizon of the observer. Light passing info a liquid solution in which the con¬ 
centration of the solute increases with the depth follows a curved path of the 
same sort. In an emulsion of one transparent liquid in another the directions 
of the rays emerging from the droplets will vary' with the angles since the 
o])posite faces are not parallel; hence the light becomes so badly scattered 
that the medium cannot be considered transparent, even though the tw'o media 
were transparent before the emulsification took place. Foams and suds are not 
transparent, even though the air and the liquid involved are. Transparent glass, 
sugar, or other substances become opaque when powdered, due to the multi¬ 
plicity of reflections as well as the random directions of any light rays getting 
through the individual crystals. In such cases the effect of reflections really 
outweighs that of transmission, and the powder is likely to be white in white 
light whatever the colors of the crystals themselves. 

The gradual bending of rays of light due to varying density supplies also 
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tlie explanation of mirages of two types and observed under various conditions. 
One type ,s fam.har to the motorist and is likely to be seen on a hot sunny day 
if the an IS relatively quiet. Under such conditions the air near the pavement 
becomes hotter than the air layers above; hence light coming from the sky will 
be so refracted as to appear to come from the roadway itself, which therefore 
appears as though it were covered with water, as shown in Fig. 31-2(b) To 
observe this phenomenon it is necessary that the eye be near to the tangent of 
the roadway, as it is when approaching the crest of a hill. The effect is far more 
rea m hot desert where distant objects such as trees appear mirrored in the 
lake so realistically that travelers arc often lured from their trails in the quest 
of water, only to find the lake always just beyond their reach. A mirage of a 
different type is sometimes observed, iierhaps in the fall or the sju-ing when the 
air near the water is colder than that above. Under such conditions the ravs 



M 



(a) 


Fig. 31-3. Refraction effects. Objects beneath the surface do not appear 

to be in their true location 


of light follow paths which arc concave downward, as indicated in Fig. 31-2(c). 
Distant sliiiis, known to he below the horizon, are lifted into view, and nearer 

ones may appear with grossly distorted vertical dimensions. Seamen call this 

looming. 

31.3. Change in Apparent Depth or Thickness Due to Refraction. The 
thickness of a glass plate always appears to be less than its real thickness to 


one looking through it at marks on the opposite face. Bodies of transparent 
liquids in vessels, swimming pools, or lakes are never so shallow as would ap¬ 
pear to the eye above the liquid, and this ever-present deception is annually 
responsible for many drownings. The explanation for this phenomenon may he 
understood readily from Fig. 31-3(a) in which waves originating from an ob¬ 
ject, 0, are seen to be propagated spherically until the point, P, directly above 
0, is reached. The central portion of each wave will have a greater speed after 
emerging than that portion of the same wave front which is still within the 
liquid. It, therefore, bulges and to the observer above the surface would appear 
to have come from a new center. O'. The two arcs, MliN and MH'N, have the 
common chord, MN', hence, assuming a very small angle, the radii of curv.ature 
of the two arcs will be inversely as the sagittas, PR and PR'. The.<e iii turn are 
proportional to the velocities of light in the two media. In other wools, their 
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ratio is determined by an equal to the index of refraction, taking the index of 
air as 1. It follows that n == PO/PO\ for the medium above 0. For example, 
water has an index of refraction of 1.333 or 4/3. A tank 4 ft deep will appear 
to be only 3 ft deep to one looking vertically downward to the bottom, and still 
shallower to one viewing obliquely because the refraction is more pronounced 
at large angles of incidence. A tank of uniform depth appears to be deepest 
directly under the observer. Three illustrations of interest are given in Fig. 
31-3 in (b), (c), and (d). In (b) is shown an arrangement for demonstrating 
the magic coin trick. To demonstrate this, one places a coin on the bottom of 
an empty shallow pan as indicated, in such a position that it is barely below 
the line of sight of the eye of the observer, E, When water is poured into the 
pan the coin becomes visible, and appears to be at the position shown by the 
dotted line. The fish in (c) is actually behind the ledge and safe from the har¬ 
poon if the fisherman, M, directs it toward the image at F'. But the fish does 



Fro. 31-4. The maximum angle of refraction possible 
within a medium into which a light ray enters from 
the air is called the critical angle, (b) It is also the 
greatest angle of incidence that permits a ray, orig¬ 
inating within the medium, to escape 


not appreciate its safety since to it the man is at M' and directing the harpoon 
directly toward it. Fig. 31-3(d) merely reminds one that straight objects 
appear broken at the surface of any transparent liquid into which they are 

introduced obliquely. c • - \ oo 

31.4. Critical Angle, and Total Reflectors. The largest angle of incidence 

that a ray entering a liquid may have is 90% and for this the angle of refrac- 
tion, C, is given by the relation 

n = sin 90Vsin C = 1/sin C or sin C = 1/n 


The solution of this equation then gives one the largest angle of refraction that 
any ray of light entering the liquid may have. This case is shown in t ig- 
31-4(a). Since all light paths are reversible, it follows that no ray of hg 
ing a greater angle of incidence, in the reverse direction, than C will be abl 
emerge from the Ikjuid. In Fig. 31^(b) is shown a group of rays sent o 
from point 0 within the liquid. It will be seen that as their angle of incidence 
increa.scs the angle of refraction (now in the air) grows more rapidly and reach 
90° when the incident angle becomes equal to C. It will he no ice 
demonstration that the portion reflected down at the surface likewise increas 
with the angle of incidence, and tliat total reflection takes place when 
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angle C is reached, and also for any greater angle. It must be apparent, then. 

that the angle C is a very special angle. It is called the critical angle for the 
pair of media concerned. 

It is a general principle that any light ray striking the boundary of another 
medium m which its speed is greater than in the medium in which it is travel¬ 
ing will be totally reflected if its angle of incidence is greater than the critical 
angle. The principle has many practical applications since it makes it possible 
to obtain a totally reflecting surface. To find the critical angle one merely uses 
the relation sin C = 1/n and tables giving indices of refraction as well as a 
table of sines. Water has a critical angle of approximately 48.5% crown glass, 
40.5% flint glass, 36.5% carbon disulfide, 38° and diamond 24.5°. The fact that 
the critical angle for glass is less than 45° makes it possible to use 45° prisms 
as total reflectors. They find wide use in many types of optical instruments. 
In Fig. 31-5 are shown three commonly used forms. Fig. 31-5(a) provides a 



Fig. 31 5. Examples of total reflection of lishf. (a) Single total reflection, (b) Double 

total reflecting jirisni. (c) Inverting prism 


single reflection, and (b) two reflections. In each case the light enters and leaves 
the prism normally to the surface, hence there is little lost by surface reflec¬ 
tion and no dispersion of color. A single pair of prism binoculars makes use of 
four prisms of the type shown in (b). Fig. 31-5(c) shows a commonly used 
reversing prism to invert the image of objects being projected on a screen. In 
this there is greater loss by reflection than in the other cases since the light 
enters and leaves oliliquely with respect to the surface. In none of the cases is 
there any light lost at the surface of total reflection. Reflectors of this type 
are far more satisfactory than plane silvered mirrors since the latter give, in 
addition to the principal reflection, a faint reflection from the front surface and 
some blurring from repeated reflections within the glass between the front and 
the back surfaces. For projection purposes and for other critical uses front- 
silvered mirrors arc used in place of the ordinary back-silvered type. 

Prismatic blocks are used in pavements near the foot of building.s to throw 
sky light into basements; glass doorknobs and the cut glass of the dining 
room, and glass pendants on chandeliers are all cut to give the flashes of liglit 
and color associated with total reflection. Diamond, having an exceptionally 
high index, 2.4, has a correspondingly small critical angle, 24.5°. This makes it 
easy to give to the diamond a large number of facets capable of producing 
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total reflection so that practically all the light entering the top of a cut dia¬ 
mond is thrown back in flashes as the gem is moved or rotated with respect to 
the observer. Rainbows depend on one or two total reflections of light within 
raindrops; the brilliance of some fabrics are in part due to internal total reflec¬ 
tions. Physics classes are often shown striking demonstration of the total re¬ 
flection of light by means of apparatus suggested in principle by Fig. 31-6. 

Light from an arc or other strong source 
is concentrated into a stream of water 
escaping from a tank as shown. Since the 
light strikes the surface of the stream 
at angles greater than 48.5®, the critical 
angle for water, it cannot escape and, 
therefore, is compelled to follow, through 
repeated reflections, the course of the 
stream into the beaker. Red, green, or 
other kinds of glass interposed at G en¬ 
able one to change the color of the stream. 

Fio. 31-fi. By repeated total reflec- bubbles of air, 

t ion light raVS mav be directed around drops, or ripples on the stream to en- 
the curve of a flowing stream able sufficient light to escape to make the 

stream visible throughout its entire length. 
With the development of plastics even more transparent than glass it is pos¬ 
sible to send light through rods several feet long even though bent as shown 
in Fig. 31-7(a). Practical use of this principle is made to introduce lights into 
fountains, and by surgeons to provide illumination in body cavities. Light 



Fig. 31-7. Light rays can follow curved rods of gla?.s or of Incite. A surgeon may use 

this phenomenon to introduce light into a body cavity 

from a flash lamp will readily follow the curved lucite rod showm in (b) into 
the throat or other body cavity. 

31.5. The Use of Transparent Prisms in Optics. The type of prism used in 
optics is a wedge-shaped, transparent body enclosed between two intersecting 
plane faces, well polished and having areas substantially equivalent to the area 
of the lenses which direct the light onto or which receive the light from the 
prism. The third face may or may not be polished as it is generally not used 
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optically. The planes of the ends of the prism are usually perpendicular to the 

gives the geometry of the action 
of the prism on a ray of light, MN, which suffers refraction at and again at 

P where it emerges and takes tlie direction of PQ. At each surface the deviation 

IS in accordance with Snell’s law, but between N and P its course is straight, 

as shown. The total deviation, indicated by the angle D, depends upon the angle’ 

of incidence and is found by experience to have a minimum value when the 

incident and the emerging rays make equal angles with the faces of the prism, 

that is, when MNB = CPQ. This is to be expected since the magnitude of the 

refraction increases rapidly with the size of the angle of incidence. In (a) it 

is seen that if D is the total angle of deviation for this position of minimum 

deviation then each surface produces a deviation of D/2. Let the normals to the 

surfaces at N and P be extended to meet at 0. It is seen that the exterior angle 

at 0 is equal to the angle of the prism since it lies between the perpendiculars 



Fig. 31~S. The principle of the simple prism spectrometer 

to the faces of the prism. It follows that each opposite interior angle of the 
triangle, NPO, is A/2, and the one at N is actually the angle of refraction of 
the ray at N. From Snell’s law it follows: 


n = 


sin i sin {D/2 + A/2) 


- since i = {D/2 + A/2) 


sin r sin A/2 

31.6. Experimental Determination of the Index of Refraction. To de¬ 
termine experimentally the index of refraction of the glass of the prism one 
generally makes use of apparatus of the type shown in Fig. 31-8{b) known as a 
spectrometer (or a goniometer). The incident light is provided by a collimator, 
MN, which is a tube having a length equal to the focal lengtli of the lens at the 
end near the prism. Light concentrated on the slit at S will leave the lens and 
strike the prism as parallel rays. .4fter passing through the prism it is receivcMl 
by the telescope lens and focused in the plane of the eyepiece. The telescope 
can be revolved about the central axis of the prism and its position read on an 
accurately graduated scale. The procedure requires that the pri.sm and the tele¬ 
scope be rotated backward and fonvard about the central axis until the angle 
of minimum deviation, D, is determined. If not given A can be measured 
by a protractor. One then is able to calculate the index of refraction of the 
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prism by substituting the values of A and of D in the equation given above. 

The same method can be applied to liquids by enclosing them in a hollow 
prism having plane glass sides. The detailed design of any optical instrument 
involving the use of lenses or plates rests primarily on the index of refraction 
of the glass used. But the index depends on the color of the light used in the 
test since each color has a different angle of minimum deviation. A full report 
on a glass then will require the determination of the index for certain colors 
such as the spectral lines C, D, and F which have been adopted as standards. 
31.7. Dispersion. Although all wave lengths of light have the same velocity 
in a vacuum, their velocities in material substances vary considerably and in 
an unpredictable manner. In general the shorter the wave length the greater the 
index of refraction. This variation in refraction makes it possible to study the 
color composition of a beam of light by means of, say, a prism. If the incident 
ray directed into a prism is white light it will be dispersed and on emergence 


Fig. 31-9. (a) Light waves of different colors 
(wave lengths) are dispersed by a simple prism, 
(b) An achromatic prism makes use of two prisms 
of different glasses. The dispersion of the one ex¬ 
actly neutralizes that of the other, but there is a 

residual refraction 


(a) 

show all the colors of the rainbow. Refraction of a ray of mixed light by a single 
substance must result in dispersion, always; but the degree of dispersion for 
the same angle of refraction varies with the substance. To define the dispersive 
power of a substance it is necessary to specify certain wave lengths since the 
colors, as seen by the eye, depend on the wave lengths. The ones generally 
chosen are the C (red) and the F (blue) lines of hydrogen and the D (yellow) 
line of sodium, which lies about midway between the other lines, as indicated 
in Fig. 31-9(a). The letters C, F, and D were given to these lines by Fraunhofer, 
who discovered them and many others in the solar spectrum. In any glass these 
three lines have different indices of refraction. Assuming typical values m 
crown glass the indices for the C, D, and F lines are respectively 1.5146, 1.5171, 
and 1.5233, while for flint glass their values are 1.6224, 1.6272, and 1.6394. The 
range in values for the crown glass is 0.0087, while for flint glass it is nearly 
twice as great, or 0.0170. Obviously flint glass is more effective in the dispersion 

of colors. 

To eliminate the effect of the angle one might define the dispersive power of 
a glass as the ratio of the difference between the deviations of the F and the C 
lines to the deviation of the D line, which may be taken as their mean. By 
using very thin prisms one may use the ratios of angles directly instead of the 
ratio of their sines. Hence for the minimum deviation by a prism one may write; 
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ny = 


sm^iDfrA- A) 


Dp A Dp 


sin 5 A ^ ^ 

Simplifying: D,, = A{n,, - 1). Similarly, Dc = A{n^-l) and D,, = Ain^,-1). 
In these expressions the subscripts refer to the lines named above. If w be used 
to represent the dispersive power of a glass then: 

_ D p ~ D c _ A (flp — 1 — Ttr + 1) _ 

Dd .4 {ilD - 1) ~ 7J„ - 1 

Applying this relation to the numerical values given above for crown and for 
flint glass: 

1.5233 - 1.5140 0.0087 _ 


O) = 


0)^ = 


»233 - 1.5140 _ 0.0087 
1.5171 - 1 0.5171 


Similarly one may calculate the dispersive power of flint glass: 


Oif = 


1.0394 - 1.0224 0.0170 


1.0272 - 1 


0.0272 


= 0.0271 


31.8. Achromatic Prisms and Lenses. It should be possible to combine a 
prism of crown glass with one of flint so as to have the dispersion of the one 
exactly neutralize that of the other, by arranging them as shown in Fig. 31-9(b) 
providing the angles have the right ratio to each other. Tliis ratio may readily 
be calculated by writing as equal the dispersions of the F and the C lines by the 
two prisms. 

{Dp -^f)/ — {Dp Df,)^ — Aj{7ip ^c-)/ “ Ag (up 

Solving: Af/A, ~ - n^)^./{np - rip)^ = 0.0087/0.0170 = 0.512 

Therefore A^ = 0.512 A^ 


This means, assuming the prisms are thin, that the angle of the flint prism 
needed to neutralize the dispersion of a prism of crown glass is little more than 
half that of the latter. Whether or not this would neutralize the deviation also 
can readily be calculated by comparing the deviation produced by a crown 
glass prism of angle A^ with the deviation by a flint glass prism of angle 
0.512 i4p. (Assuming the D line) 


a ^ Ac (1.5171 - 1) ^ 0.5171 ^ 

Df 0.512Ac(1.0272 - I) 0.512 X 0.0272 

Since the deviation produced by the crown glass prism is so much greater than 
tliat produced by tlie flint glass prism that will exactly neutralize its dispersion 
it is possible to produce deviation without dispersion, in other words, to produce 
achromatic prisms and achromatic lenses. Most high-grade optical instru¬ 
ments, including the better cameras, employ only achromatic prisms or lenses. 
It is possible also to neutralize the deviation of a crown glass prism by a re¬ 
versed flint glass prism and have a resulting spectrum without any deviation, as 
in tlie pocket type spectrometers. 

31.9. Total Refractometers and Their Uses. Total reflection is seen to occur 
only when the ray of light in one medium is directed toward an adjacent one in 
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which the speed is greater. The critical angle in a given medium must increase 
with the index of refraction of the second medium. In general the index of 
refraction of a liquid can be obtained by placing a drop of the liquid on one 
face of a glass block of known index and observing the critical angle. The 
index of refraction of the liquid can be calculated from the relation; =■ Ug 
sin C. The method requires that the glass block have a higher index than has 
the liquid. A laboratory method of determining the index of refraction of a 
liquid will be understood easily from a study of Fig. 31-10 in which is shown 
a glass block lying on a sheet of paper and having on its back surface at L a 
drop of the liquid whose index is to be determined. The illumination is suitably 
adjusted and the position of the observer is varied until the division between 
totally and partially reflected light appears to be at L, After this broken path, 
SRLPQ is established, by means of pins or straight edges, the glass block is re¬ 
moved and the construction indicated in the figure is completed. It has been 



Fig. 31-10. The index of refraction of a liquid at L can be determined through the 

measurement of the critical angle. 


shown that = Ug sin C. For sin C one may substitute its equal, cos r, and in 
turn, the equal of the latter, \/l “ sin^r Hence — n^Vl “ sinV. But at the 
point P the following relation holds: 71^ = smi/smr. This may be solved for 
sin r, which has the value sin i/Ug. By substituting this value of sin r in the last 
equation and simplifying the expression one finds that: 


= ng\/l — sinh/Ug^ = V^" “ sin^i 

The value of Ug can be determined by the construction at P. By definition 
rig = sin i/sin r = NQ/N’Q' since the hypotenuses PQ and PQ' are equal. The 
value of sin i is given by the ratio of NQ/PQ. With these values experimentally 
determined one can then calculate the value of rij, using the final relation de¬ 


veloped above. 

For precision work and for rapid determinations it is generally the practice 
to make use of some type of refractometer, such as the Abbe refractometer. Its 
action can be explained in principle conveniently by means of Fig. 31-11- This 
refractometer makes use of a rectangular block of glass of the form shown and 
having a very high index of refraction. The block is divided diagonally and 
mounted so that the two parts may be separated and a drop of liquid placed be¬ 
tween them, after which they are brought nearly together with a thin layer of 
liquid between them. Some of the light (the right portion) from the source, S, 
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is totally reflected by the film of liquid, for the position shown, while the rest 
of the beam is in jiart transmitted and detected by the observer wliose eye is 
at the upper end of the main tube of the instrument. With monochromatic light 
the division between the totally reflected and the 

partially transmitted portions of the beam is quite _ 

sharp and a very accurate setting of the block can 

be made. ith wiiitc light there would be some con- i 

fusion as dift’erent colors would become totally re- J_I 

fleeted at slightly dift'erent angles. Standard instru¬ 
ments incorporate in the tube suitable means of 
eliminating the color effect and thereby of making lT| 

precision determinations even though using white T 

light. For convenience tlie arc is graduated in terms of 
the value of /q so tiiat the result is obtainable imme- vu/ll\ 

diatcly and witliout making any calculations or cor- Vvf\\\ 

rections. Since the index of refraction of a liquid is 
very sensitive to the temperature of the liquid a thcr- 
mometer is attached to the block which is provided 
also with means of keeping the temperature constant. ^ 

A good instrument is accurate to at least three deci- A 3 

mal places and olfers a means of determining quickly 

tlic index of a liquid. Refractometers are widely used 31-11. Illustration 

in industrial plants producing foods of standardized ^/Thc VbW n- 

quality, and in the manufacture of chemicals. They fractoinetcr 

are especially useful in the jiroduction of standard¬ 
ized drugs, and offer to the hos])ital laboratory a quick means of determining 
tlie index of refraction of anv hodv fluid. 

Table 31-1 lists a number of litiuids and solids together with their refractive 
indices (for sodium light). The values may be assumed as correct at room tem¬ 
peratures except where specific temperatures are given. 


Fic. 31-11. Illustration 
of the princij)le and the 
action of the Ahbe rc- 
fractoinetcr 


T.\ble 31-1. Indices of Refr.\ction of V.\Rioes Sur.st.\nces 


Substance at 20'^(’ 


Human serum... 
C’erobro-spinal fluid. 

Human urine. 

(’anada balsiim. 

Oil of cedar. 

Carbon bisulfide. . , , 

Ethyl alcohol. 

Water . 

Air. 


Index of 
Uefracticju 


1.3-107 to 1.3487 
1.3320 
1.340 
1.530 
1.516 
1.0255 
1.360 
1.333 
1.000293 


Substance at 20®(’ 


Crown glass 


Light flint glass. , 
Heavy flint gla.ss . 
Heaviest flint glass 

(^lartz, fused. 

Diamond. 

Rock salt. 

Ice at 0°C. 

Carbon dioxide 


Index of 
Refraction 


1.517 

1.574 

1.655 

l.s!)() 

1.45.S4 

2.1173 

1.516 

1.310 

1.001)15 
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Problems 

1. Make a full-scale diagram showing a block of crown glass 3 cm thick and 7 cm 
long lying on a block of heavy flint glass of the same dimensions. Show a ray of light 
entering from the left at a point 3 cm from the left end, with an angle of incidence 
of 60°, and indicate the course the ray follows until it emerges from the lower block. 
At what angle of refraction does it enter the flint glass? (See Table 31-1 for indices of 
refraction.) 

2. Calculate the angle of incidence that should be given a ray of light entering one 
face of a 60° prism made of light flint glass, if it is passed through with the minimum 
angle of deviation. 

3. A student places a semicircular plate of heav}' flint glass having an index of 
refraction of 1.7 flat on a sheet of paper and looks through it toward a scratch made 
at the mid-point of the flat face, the center of the circle. At what minimum angle will 
total reflection occur if beyond the flat face there is (a) air and (b) water? {Ans. 
C,. = 36°5'; C„«. = 51°32') 

4. If the minimum deviation of a prism having a vertex angle of 50° is 30°, what 
is the index of refraction of the prism for the light used? 

5. At what apparent depth would it be safe for a non-swimmer to let himself down 
from a boat if his nose is 66 inches from the bottom of his feet? Incidentally, what is 
the speed of light in water if it is 186,000 mi/sec in air? 49.6 in.; 139,500 mi/sec) 

6. A glass worker is asked to produce a glass plate of such thickness as to give a ray 
of light entering the glass at an angle of incidence of 60° a sidewise displacement of 
12 mm in the space beyond the plate. (See d in Fig. 31-1 (b).) The plate is to have 
parallel faces and heavy flint glass is to be used. How thick should the plate be? Include 
a carefully drawn diagram with your solution. 

7. Find the angular spread between the C and the F lines of hydrogen produced by 
a 60° prism of crown glass set for approximately minimum deviation of the ray of light 
containing these two components. Use the typical values given in the text for the 
indices of refraction of crown glass for these lines. (An^. 46') 

8. A 60° prism is made of glass having an index of refraction of 1.52. At what angle 
of incidence on one face of the prism should a ray of light strike if it is to strike the 
next at the critical angle? 

9. A layer of oil having an index of refraction of 1.46 rests on the surface of some 
water in a beaker. Find the critical angle of the light passing from the oil into the 
water. (Arts. 65°55') 

10. A hollow glass prism is made by cementing three square glass plates to the sides 
of an equilateral triangular base and to each other. Find the angle of incidence a ray 
of light should be given if it is to pass through with the minimum deviation when the 
prism is filled with (a) water and (b) alcohol. 

11. A crown glass prism having an index of 1.52 has a vertex angle of 10°. Find 
the angle of deviation of a ray when the prism is set for minimum deviation. Find also 
the angle of a flint glass prism having an index of 1.63 which would produce the same 
deviation. (Aws. 5.2°, 8.25° approximately) 

12. Check through all the computations given in the section on dispersion. 

13. A student using a 60° prism found that when the angle of incidence of a ray 
striking one face was 53° the deviation was a minimum. Using simple geometrical con¬ 
siderations, find the angle of deviation, also the index of refraction of the glass. (A«5. 
46°; 1.60) 

14. A layer of water partially fills a horizontal glass tray having a plane glass bottom 
(Og = 1.60). A ray of light enters the water from above with an angle of refraction of 
30°. What is its angle of refraction as it enters the glass, also as it emerges into the air 
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below the plate? Can you deduce from your results the original angle of incidence on 
the water? Explain. 

15. If a strong sealed glass tube containing only liquid ether and its vapor is slowly 
heated the meniscus flattens, and the surface grows dim and finally vanishes. Explain. 
Also, account for the fact that the refractive index of transparent crystals may be 
obtained by immersing them in a transparent fluid and adjusting its optical density 
until the objects disappear, finally measuring the index of refraction of the liquid. 
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32.1. Basic Action of Lenses, A great many people require spectacle lenses, 
and the lenses of cameras, telescopes, microscopes, etc., are likewise familiar to 
all, yet their action is none too well understood generally. Briefly described, a 
lens is simply a body of a transparent, refractive substance bounded by surfaces 
of which at least one is curved. The more common types are circular in cross 
section and each face has a spherical surface. Their function is to change the 
form of the wave front of the incident beam of light passing through, by either 
adding to or subtracting from the initial curvature of the wave front. The action 
of a simple converging lens on a plane wave front and on a divergent wave front 
are shown respectively in (a) and (b) of Fig. 32-1. In either example it is seen 




Fig. 32-1. (n) A conversing lens concentrates plane-front waves of light at a point, 
F, called the i)rincipal focus of the lens, (b) Waves of light originating at a point, 
A, are brought to a focus at a point, A\ which is beyond F. A and A' are called 

conjugate foci 

that the mid-portion of the wave front must pass through a greater thickness 
than the peripheral portions and, therefore, is retarded more since the velocity 
of light in the substance of the lens is lower than its velocity in the air. After 
the waves have passed through the lens they advance in all parts in a direction 
normal to whatever wave front the lens may have produced; therefore, a con¬ 
cave spherical wave will pass through a center of curvature, F. The point to 
which the plane incident waves are converged, as in (a), is called the principal 
focus of the lens; and the axis of symmetry, CF, is called the principal axis. 

In contrast some lenses cause plane waves to diverge—that is, to become 
convex-forward as shown in Fig. 32—2(a). Their form beyond the lens would 
suggest that they came from their center of curvature, F'. This point is the prin- 
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cipal focus of the lens, but since tlie light did not actually pass through this 
point it is callc<l a virtual locus. If instead of plane wave ligiit one were to use 
light diverging from a near source such as A in (b), then the light passing 
through the lens would be even more divergent than shown in (a) and would 
appear to have come from a point, A', still nearer 
the lens than F'. The action of such lenses can 
be explained on the basis of lens thickness, just 
as above, excoj)t that in this type the central i)or- 
tion of the lens is thinner than the periplieral 
portion, hence the peripheral i)ortion of the wave 
front is the more retarded, and the resultant 
wave diverges. Lenses of this tyi)e are known as 
diverging lenses. Three common types of diverg¬ 
ing or negative lenses are shown in Fig. 32-3tbl. 

Likewise, throe common types of converging or 
positive lenses are shown in Fig. 32-3(a). The 

form to be chosen for anv particular iniri)ose de- of a 

pends on circumstances such as locations ol light ^vaves. Beyond the lens 

sources or objects and of their images, but in the waves of li-rht spread .-is 
general lens action is most satisfactory when the though they liad originated in 
incident and the emergent rays make as nearlv die virtual locus,(]>) Light 

ecjiud angles with the faces of the lens as may be 
possible. In other words, each ray should suiter 
“minimum deviation” in passing tiirough the lens, but in jiractice this is not 
always possible to arrange. It may be helpful to the student to consider any 
lens as combination of many prisms with systematically changing pi ism angles, 
as suggested in Fig. 32-4fa). 

32.2. Derivation of Simple Lens Formulas. Wliile the student should keep 

in mind the wave nature of light and the ac¬ 
tion of lenses on light waves it is simpler with 
lenses, just as in the ca.se of mirrors, to develop 
formulas on the ba>is of light rays. The action 
of a convex lens on parallel light is shown in 
Fig. 32—4lb). Actually such iJcidVction of focus¬ 
ing is not realized with simple >phciical h‘ns(‘> 
cxcc[)t for vciy small an'us about tin* axis. It 
is important to kee{) in mind that arnj rai/ of 
light i)arallcl to the principal axis of tlic U-u- 
and very near the axis will pa.^.s through the principal focus of tlu* \vn<. F. 
whcth(‘r it originated at a distance .‘^ource or at .<omc ])oint of an olijict iich 
to the lens. This fact is us(‘d fn‘(|ucntly in the consid(‘ration of lcn>r.'. 

In most practical uses <a lens is usetl to collect ravs of light from a ncai- obirct 

% 

and to direct them to an image position, as shown in Fig. 324(c). W'lnK a 
great many rays might l)e drawn oidy two are actually napiin'd to locale thr 


from a jminf. .1, is i)r<)uglit to 
a conjugate focus, A' 



(a) 


(b) 


Fm. .32-3. fa) Three typos of 
converging h-n.'Cs. ih) Three 
types of diverging Icn.'cs 
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position of the image. Let the object be AB, and let AM be drawn as shown, 
parallel to the principal axis, F'CF. Since AM is parallel to the axis it will pass 
through F as shown. Let a second ray of light from A be drawn through C. This 
ray will be bent neither up nor down as C is a point of symmetry. Let AC be 
produced until it meets AMF at A', These two intersecting lines from A are 
sufficient to locate A', but additional lines such as AF'NA' are of interest. It 
will be observed that triangles ACB and A'CB' are similar, as are also triangles 
MCF and FA'B'. The vertical sides of these triangles are the object and its im¬ 
age, respectively, in the case of each pair of similar triangles (since AB = MC). 
From this it follows at once that: AB/A'B' = O/I = ti/v = f/{v — /). Sim¬ 
plifying the last equation, it follows that: 1/u + 1/v = 1//. It will be observed 



Fig. 32-4. (a) A lens acts on light waves as though it were made up of a series of 
prisms, (b) Light “rays" represent the direction of propagation of light waves and 
make possible simpler geometrical treatments than are possible with wave-diagrams, 
(c) A geometrical approach to an algebraic relation between the focal length of a lens 

and the distances to the object and the image 

that this formula is exactly the same as the one developed for the concave 
mirror. This is not surprising, because concave mirrors and convex lenses both 
bring plane waves to a real focus, and each can form a real image of a real 
object, and in each case the image formed is inverted. Likewise either will form 
erect enlarged virtual images of objects placed nearer than their principal focus. 
32.3. Concave Lens. General Application of Formula through Convention 
of Signs. The formula for the simple concave lens may be derived in a similar 
manner. The detailed argument will be left to the student, but in outline it is 
as follows. Referring to the diagram of Fig. 32-5, it is seen that the ray AM is 
refracted upward, just as though that part of the lens were a prism, and to one 
beyond the lens appears to have come from the direction of F'. A ray, AC, 
would pass through the lens without bending. These two rays meet at A", which, 
therefore, must be the image of A. From simple geometrical considerations it is 
seen that: O/I = u/v = //(/ — v) from which: 1/u — 1/v = —1//. Here again 
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we have an analogy, this time between the action of a concave lens and that of 
a convex mirror—each forms only virtual images and each has a virtual focus. 
The convention with respect to signs suggested for mirrors may then be ex¬ 
tended to lenses, and now stated in more general form. The formula l/u + 
\/v = 1// 7nay be applied to both mirror and lenses with this corwention: the 


' ' V <» - 

the law of diverging lenses 



formation of a real image of a real object by a concave mirror or a converging 
lens IS considered the normal case; any term depai'ting frotn this normal must 
be considered negative, and vice versa. 

32.4. Illustrative Problems. By way of illustrations the following cases may 
show the versatility and simplicity of this convention: Suppose an object is 
placed 6 cm from a lens whose focal length is 8 cm, where is the image? Sub¬ 
stituting in the basic formula: 1/6 + l/v = 1/8 and solving the equation one 
finds V ~ —24 cm. This means that the image is virtual and on the same side 
of the lens as the object since in the normal case for a lens that v \s and the 
image falls beyond the lens. Suppose this had been a diverging lens. Then by 
substitution: 1/6 + \/v = —1/8. The solution of this gives v = —3.43 cm. In 
this the negative sign was given to / since diverging lenses have only virtual 


foci, and they also arc departures from the normal convex lens. 

How far from a converging lens having a focal length of 12 cm sliould an 
object be placed if it is to form an image twice as large as the object, if the 
image is to be fa) real and (b) virtual? In each derivation above there ap¬ 
peared the relation: 0/1 = v/v. Whether real or virtual the image must be 
twice as far from the lens as the object, as the question of magnitudes does not 
depend on the sign of either a or v. This means that v = 2u in the first case and 
—2u in the second case. By substitution, for case (a): 1/u-f l/2u= 1/12, 
from which ?/ = 18cm. Similarly for case (b): 1/u — 1/2?/= 1/12, from 
which ?/ = 6 cm. Whenever a solution gives a negative value to v the image is 
virtual, erect, and on the same side as the object. A negative value for / means 
a diverging lens. When the statement of a problem indicates a virtual image 
or a diverging lens, tlie corresponding terms arc given the negative sign in 
setting up tlie equation. The same convention can be extended to take care of 
the case where the object itself i.s “virtual” and therefore u is to be taken a> 
negative. This case may arise when a lens is intorj)osed in the n-gion Ik'voihI 
another lens where light is converging toward a real image. In the normal 
ca.'^e the object is real and light is diverging when it strikes the hms, and u is 
positive. Therefore, for the abnormal case .stated, u must be (ak<'n n(‘gative 
and its numerical value is fixed by the distance of the lens interposed from the 
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image. Only indirectly does it have anything to do with its distance from the 
other lens or with the v belonging to the first lens. 

A solution of a problem involving the action of two lenses separated from one 
another, but having a common principal axis, may be of help in appreciating 
the general application of the convention as well as the simplicity of such prob¬ 
lems, for they are really only combinations of two simple problems. Consider 
the following: An object 4 cm long is 60 cm from a convex lens of 20 cm focal 
length, beyond which is a second lens having a focal length of 30 cm, 10 cm from 
the first lens and on the same principal axis. How far from the second lens is 
the final image of the object, assuming the second lens is (a) converging and 
(b) diverging? What will be the size of the image in each case? Before attempt¬ 
ing a solution it is advisable to make a diagram such as the one given in 
Fig. 32-6. 

Solution: Applying the lens formula to the first lens only, 1/60 + 1/v = 1/20. 
From this relation v is found to have the value of 30 cm, which is a point 20 cm 

20 30 



Fig. 32-6. .Action on light rays of two converging lenses separated by a considerable 

space 

beyond the second lens. Now applying the basic formula to the second and con¬ 
sidering tlie image of the first as the object of the second lens, in this case a 
virtual object, it follows that: —1/20 + 1/v = 1/30. The solution of this equa¬ 
tion gives V a value of 12 cm. Had the second lens been a diverging or negative 
lens the substitution would be: —1/20 -f 1/v = —1/30, of which the solution 
gives V a value of 60 cm. In the first case the size of the image is the size of the 
object modified by the two ratios of distances, ignoring the algebraic signs 
which do not enter into the geometrical considerations as to size: 7 = 4 X 
30/60 X 12/20 = 1.2 cm. In the second case: 7 = 4 x 30/60 X 60/20 = 6 cm. 
32.5. The Lens-Maker’s Formula, with Applications. The general and 
simple lens formula given above is useful in dealing with any given lens but 
offers no guidance as to the design or production of a lens for a given purpose. 
Obviously the focal length of a lens must depend on the substance of which it 
is made and also on the radii of curvature of its two faces, and a basic formula 
should show this dependence. The derivation of such a formula is not difficult 
and may be carried out conveniently by use of the diagram of Fig. 32-7, which 
gives the detailed action of a double convex lens which forms the image of an 
object .4 at .4' as shown. The proof given is rigorous for only very thin lenses, 
hut in the diagram a thick lens is shown in order to make easier the following 
of the essential lines through the lens. Also the angles made by the rays with 
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the axis are larger than they are likely to be in any ordinary use of the lens. 
Keeping these points in mind, consider a ray following the broken path APQA' 
and let the angles made by this ray with the axis be n and d, as shown, and with 
the normals to the lens surfaces, i,, and r.. The normals to the surface 
intersect at 0 and strike the axis at the centers of curvatures of the two lens 
faces, at points Cj and C.., as shown, where they make angles of c and b with 
the axis. The two opposite triangles having a common vertex at 0, PQO, and 
OCifo have also a common exterior angle, w. 



Fig. 32-7. Light-ray diagram based on the refraction of light waves at the surface of a 
len?.. This makes possible the derivation of a relation between the focal dUtance tiie 
radii of curvature of the surfaces of the lens, and the index of refraction of the'iua- 

terial of the lens 


Snell’s law may be written n = i/r or i = nr whenever the angles are small 
enough to be considered equivalent to their sines. From this it follows: 


I'l = nri and r, = nu and I'l + r. = n{r^ -hi.) = (a -h c) -f- ib -h d) 

But since and r., are also exterior angles, (r^ -h i.) = w = (b c) since w is 
an exterior angle to each triangle. Hence it follows by substitution: 

a + b + c + d = n{b c), and fl + d=(n — l)fb + c) 


For small angles and using radian measure each angle may be defined by the 
half-chord divided by the radius. Even though PQ is not necessarily parallel to 
the principal axis, for thin lenses these angles may be considered as having a 
common half-chord, indicated by y. The above equation of angles may be 
written, therefore, in terms of radii and y, as follows: 


Simplifying: 


y/u -h y/v = (n - 1) 
1/U + l/v= l//= in- 



This double equation may be considered the general law of lenses and covers 
both convex and concave lenses of all the types shown in Fig. 32-3. juoviiiing 
the lenses are thin and the rays make small angles with the axis of fix' lens. 
The convention as to signs is still valid for the more general case wi.h the fol¬ 
lowing extension to take care of the radii of curvature: the normal <‘as(‘ is a 
double convex lens, so each radius will be taken as positive. It follows that the 
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radius of any lens surface that is concave must be given the negative sign or, 
conversely, if the solution of any problem yields a negative value for a radius, 
then the surface corresponding to this radius is concave. One must be careful 
to keep in mind the fact that n is the ratio of velocities of light in the two 
adjoining media, not merely the index of the material of the lens except when 
the surrounding medium is air. For example, the value of (n — 1) for a crown 
glass lens in air is (1.52—1) or 0.52. But the value for the same lens when 
immersed in water is (1.52/1.333 — 1) or (1.14 — 1) or 0.14. This means that 
the focal length of this lens in water is 0.52/0.14 or 3.71 times as large as it is in 
air. If this lens were immersed in carbon bisulfide (1.6255), the value of {n — 1) 
would be negative and in this medium the lens would act as a negative lens, just 
as a bubble of air does in a liquid. 

Several interesting conclusions may be drawn from this general relation: 
For example, it is seen that the focal length of a lens varies inversely as the 
excess of the index of refraction over 1, or, expressed algebraically, / 1//2 = 
(n^ — l)/(7ii — 1). Thus a lens of flint glass will have a much shorter focus 
than one of crown glass of the same form. If one of the faces of a lens is plane, 
then for that face R., is infinite, and I/R 2 is 0. The formula then becomes 
\/f = (n — 1)/J?i. If R^ were also infinite the fraction would become 0, as 
would be expected since one would then have a simple flat plate without any 
power to focus. Thus is seen the generality of the relation. 

A simple convex lens is often used as a magnifier, and it is shown in a later 
chapter that the shorter the focal length of the lens the greater the “magnifying 
power." Indeed one measures the “strength" of a lens by its magnifying power 
in terms of the reciprocal of its focal length. When the focal length is expressed 
in meters its reciprocal, 1//, gives the power of the lens in diopters. Thus, a 
lens having a focal length of 50 cm or 0.5 m has a power or strength (both 
terms are in use) of 2 diopters. An equivalent definition is: diopters = 100// 
where / is expressed in centimeters. A concave lens having a focal length of 
—20 cm has a strength of —5 diopters. 

32.6. Combination of Thin Lenses. The convenience of measuring lenses in 
terms of diopters may be made evident by considering the case of two thin 
lenses in contact, a frequently used arrangement. For the first lens: 1/w+ 
1 /t)^ = l//j. Similarly for the second lens; —l/v^ + l/v^ = I //2 since the image 
distance for the first lens is the virtual-object distance for the second lens and 
since the lenses are assumed to be thin and in contact. Adding one obtains the 
relation: 1/w + I/W 2 = ITi + I //2 = V/- Thus it is seen that the joint power 
of two thin lenses in contact is the sum of their individual powers. For example: 
a lens of 2 diopters added to a lens of 1.2 diopters gives a combination of 3.2 
diopters, or a lens having a focal length of 100/3.2 = 31.25 cm. Had the second 
lens been diverging, then the sum would have been 2 + ( — 1.2) or 0.8 diopter. 
This would mean a joint focal length of 100/0.8 = 125 cm. Since only the re¬ 
ciprocal of the focal length matters, the two lenses need not be of the same glass, 
so it is possible to add to a crown glass convex lens a negative flint glass lens 
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and thereby to get a combination in which the one neutralizes the dispersion 
of the other and hence is an achromatic combination. Further uses for lens 
combinations will appear in the discussion of the correction of defective eyes. 
32.7. Achromatic Lenses. The construction of achromatic lenses involves 
the consideration of also the dispersive powers of the glasses used in the com¬ 
bination. A lens which will not separate the F and the C lines is considered suf¬ 
ficiently nearly achromatic for all practical purposes. In the following develop¬ 
ment the focal lengths are based on the action on the D line, just as in dealing 
with prisms, the subscripts refer to these three lines and to the flint (/) and 
crown (c) glass lenses. Considering first the D line passing through the crown 
glass lens: 


l//c = (no, “ 


From this relation 


Similarly for the F and the C line: 

V/j.-c = and 1/fcc = {ricc ~ 

Like relations hold for the flint glass lens: 

1/// = irinf - Vfrf = (n,.; - 1)K' and 1/f^, = - 1)K' 




where K = 





But for a lens to be achromatic the focal length for the F line must be equal to 
that for the C line, hence: 

1//,. = v/c = yUc + yfF, = y/cc + Vc, 

Substituting the values given above in the last of these equations: 

(n^.^ - 1)X + - 1)A:' = - 1)K + - l)K' 

By simplification: 

i^Fc 

Substituting the values of K and of K': 

i^Fc ~ ^Ccyfc^^Dc ~ t) “ t^J-7 ” “ 1) ~ 

(See previous chapter for definition of dispersion w.) The simple relation is of 
basic importance and might have been anticipated as it is wliolly reasonable 
to expect that the greater the dispersive power the weaker the lens needed to 
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produce the required color effect; in other words, the longer may be the focal 
length of the lens used. 

The several basic relations having to do with lenses have now been developed. 
For convenience they are restated as a group. 

(a) \/u + 1/v = 1// 

(b) I/O — v/u 

(c) l/f= (n-Dd/i^i + l/iJ^) 

(d) 1// == l//i + I //2 (for thin lenses in contact) 

(e) — tajwf = jjif (for achromatic combinations) 

The usefulness of these equations may be seen in their application to the 
problem of building an achromatic lens of a definite focal length, using optical 
crown and flint glass of known dispersive powers. In this case /j becomes and 
/o becomes /^. The equations (d) and (e) have only two unknowns, and jp 



Fig. 32-8. (a) The peripheral portion of a spherical lens is more converging than the 
central portion, (b) Light waves of different lengths come to a focus at different dis¬ 
tances from the lens in the case of a simple lens, but at the same point if an achromatic 

lens is used 

and may be solved, therefore, for and jp With these values known one may 
find the radii of curvature needed for each. For the sake of compactness and 
to reduce the number of reflecting surfaces one face of the crown and a nega¬ 
tive face of the flint lens are given the same radius so that they may be 
cemented together and mounted as a single lens. 

32.8. Some Lens Defects. In the derivation of each of the formulas the 
reservation was made that the lens must be thin and that the angles between 
the rays of light and the principal axis must be small. When the latter condition 
does not prevail, the rays passing through the peripheral portion of the lens 
suffer relatively greater refraction than do those nearer the central portion, 
hence come to a focus somewhat nearer to the lens than its principal focus, 
just as in the case of the mirrors, and as shown in Fig. 32-8(a). In this a 
number of rays, initially parallel with the principal axis, are drawn and con¬ 
tinued through the lens. It is seen that the farther from the axis the initial 
ray, the more it misses the principal focus. The tangent-curve to the group of 
refracted rays is a caustic, w’ith a cusp at the principal focus. This defect, 
known as spherical aberration, is an inherent quality of simple spherical 
lenses and is rather difficult to correct. It can be reduced somewhat by choosing 
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the particular one of the types shown in Fig. 32-3 which will give the rays the 
nearest approach to minimum deviations as they pass through the lens. Also, 
in the case of a camera, one may reduce the aperture and tlierehy shut out the 
rays striking the peripheral portion of the lens whenever the light intensity is 
sufficient to permit it. This step has the further advantage of increasing the 
depth of focus—that is, increasing the ranges in the distances to objects which 
are focused simultaneously with acceptable sharpness. There are also various 
ways of matching the aberration of one lens against that of another, by using 


two, well-separated lenses. The remedy for chromatic aberration, always asso¬ 
ciated with spherical aberration in the cheaper lenses, is the use of combina¬ 
tion of lenses made of glasses having different dispersive powers, in the manner 
treated in the previous section. The elimination of chromatic aberration in 
general reduces also the spherical aberration. It is easily seen in Fig. 32-8(b) 
that the violet components of the rays will have a shorter focus than the red, or 
even the yellow to which tlie eye is most sensitive. Tliis explains the fact that 
the adjustment of sharpest focus, judged by the eye, is generally not the best 
focus for the shorter wave lengths which arc more active photographically. 

Suppose that a plane includes the major axis and tliat. as the plane is rotated 
about this axis, the distance to the focal point varies. Such a defect is known 
as astigmatism, and is in general due to a variation in tlie radius of curvature 
of cither one or both surfaces. Apparent astigmatism may be due also to the 
obliqueness of the rays passing through the lens—that is, to having the object 
too far off the principal axis of the lens. For such an arrangement those rays 
striking the nearer and those striking the farther edge will be fartiicr from the 
angle of minimum deviation and. therefore, suffer greater tlian normal refrac¬ 
tion. Astigmatism may be a desirable quality of a lens used to focus light on 
a slit, or in a spectacle lens needed to neutralize the astigmatism of an eye. 
Such a lens may be made by giving one face of the lens a sjdierical surface 
and tlie other a cylindrical surface. In a plane normal to the axis of the cylinder 
and containing the i)rincipal axis of the spherical svirface. the lens behaves as 
a lens with two curved faces, while in a plane containing the axes of both the 
len.^es, the lens is a plano-convex (or ]>lano-concave) lens. 


pROBLK^rS 

1. An object 2 cm long is S cm from a convex lens ha vim; a focal length of 3 cm. 
Make a full-.<cale construction showing the yiosition and size of the iin.age, similar to 
the diagram of Fig. 32-4(c). Verify your result by using the simi)lc formula. -\S 
cm) 

2. .^n object 2 cm long Ls placed at sueh a distance, ?/. from a lens having a focal 
length of 12 cm that the image formed is (> cm long. Find the value of // if the imago 
is (a) real and inverted and (!>) virtual and erect. 

3. If the lens of Problem 2 i.s a plano-convex lens, what is the r.-uliu- of ciirvafiiie 

of the convex side if the glass of the lens has an index of refraction of 1 ..V.^ U cm) 

4. .A lens-maker wishes to construct a convex lens having a focal length of 40 <-m 
witli flint glass having an index of 1.64. If the two faces are to liave the same curvature, 
what should be the radius of curvature? 
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5. A double concave lens having a focal length of -6 cm is 12 cm from an object 
3 cm high. By means of a full-scale construction find the location and the size of the 
image and check both by computation using the simple general formula. {Ans. —4 cm; 
1 cm) 

G. Find the radius of curvature of the lens of Problem 5 if flint glass having an index 
of 1.64 is the material of the lens and the two faces have the same curvature. 

7. Assuming the values of the dispersive powers of flint and of crown glass given 
in Chapter 31, which were 0.0271 and 0.0168, respectively, find the focal length of the 
crown glass lens which would form an achromatic combination with a concave flint lens 
having a focal length of —20 cm. What would be the focal length of the combination? 
{Ans. 12.4 cm; 32.6 cm) 

8. If a 2-in. line on a lantern slide has a length of 4 ft on a screen 20 ft from the 
projection lens, find the distance between the slide and the lens and also the focal 
length of the projection lens. 

9. An object 3 cm high is 48 cm from a positive lens having a focal length of 16 cm, 
which in turn is 6 cm from another positive lens of 36 cm focus. AVhere, and how large 
will the final image be, assuming the object and the two lenses are on the same axis? 
{Ans. 12 cm beyond second lens, 1 cm) 

10. Find the focal lengths that the lens mentioned in Problems 2 and 3 and that of 
Problems 5 and 6 would have if under water. (Suggestion; solve by simple proportion.) 

11. Express the-strength of each of the lenses mentioned in this set of problems in 
diopters, taking care to prefix the proper sign. 33.3 diopters, 8.33 diopters, etc.) 

12. A man wearing spectacles of 1.4 diopters wears a second pair along with his other 
pair in order to obtain a total strength of 3 diopters for reading. Find the focal length 
of the second pair. 

13. (a) What practical advantage is there in cementing together the two elements of 
an achromatic lens? (b) iMeniscus lenses are more widely used now for spectacles than 
plano-convex lenses, due in part to their producing less troublesome reflections in the 
eye, and in part to better vision as the eye turns in its socket to look in various direc¬ 
tions. Discuss these two points. 

14. A student wishes to construct an enlarger that would enable him to get 10-in. 
prints from 2.5-in. negatives. If he uses a projector lens of 8 in. focal length, what 
distances should .separate the lens from the negative and the print? When used in the 
projector lantern this lens is ordinarily 24 ft from the screen. By what ratio are the 
slides enlarged? (See Fig. 33-3.) 

15. If a —1.6-diopter lens is combined with a -f-4-diopter lens, what is the strength 
in diopters and the effective focal length of the combination, assuming they are dose 
together and have a common axis? Is the relation: l//i+ 1/1^ = 1/f valid if the two 
lemses are appreciably separated? Explain. (Ans. 2.4D; 41.67 cm) 

16. A lens-maker is given a crown glass lens of 20 cm focus and asked to supply a 
flint glass lens which would form with the former an achromatic combination. What 
focal length must it have if the dispersive powers of the crown and of the flint glass 
are respectively 0.0168 and 0.0271? What will be the focal length of the combination? 
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It is doubtful that the degree of precision reached in the manufacture of opti¬ 
cal instruments has been attained in any other field. In the case of tiiose instru¬ 
ments in popular demand, such as cameras and telescopes, instruments with 
precision ground lenses and machined parts must compete with others in the 
same type, having stamped lenses and metal parts mounted in cardboard bodies. 
Even spectacles and magnifiers are now molded or pressed from plastic mate¬ 
rials. Precision-built instruments are still expensive and must remain so. 

33.1. Photographic Camera. The photographic camera consists essentially 
of a lightproof chamber to which light from the object to be photographed is 
admitted through a lens (or pinhole) and di¬ 
rected onto a photosensitive film, plate, or 
paper. A shutter is provided to prevent light 
from reaching the latter before the exposure is 
to be made, and to control the period during 
which the exposure is made. An adjustable iris 
limits the area of the aperture through which 
the light is admitted to suit the intensity of 
the light available. The essential features are 
sliown in Fig. 33-1. Except for the very cheap¬ 
est cameras, the distance between the lens and 
the plate can be varied through the use of light- 
tight bellows or other means, to bring the image 
into sharp focus whatever the distance to the 
ol)ject. Fixed-focus or universal-focus cameras 
are, of course, misnomers; obviously, for every 
set of / and u values there can be but one v 
value. Cameras of the box type, which pro¬ 
vide no adjustment, arc simply adjusted to 

the distance most likely to be used, and the aperture is reduced to admit 
such a slender pencil of light that considerable variation in object-distance 
can be tolerated without causing serious blurring of tlie imag(‘. But having: 
a narrow pencil means that little light is admitted, hence long (‘\p()sur<'s are 
necessary, a handicap so serious that manufacturers go to great ))ains to desigti 
cameras that will give sharp images with even large apertures. 'I'lu* elTectiv<‘ 
aperture of a camera critically depends on both the focal length of the lens ami 
the diameter of the opening. Effective aj)erature is designated l>y tlu' ratio of 
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Ffo. 33-1. Poi)ular model of a 
simple camera (Courtesy of 
Eastman Kodak Co.) 




328 


OPTICAL INSTRUMENTS 


the focal length to the diameter of the opening and is written //4, f/S, etc., 
where the number under / is this ratio. An //4 adjustment means that the diam¬ 
eter of the opening is l/4th the focal length of the lens. Obviously an aperture 
of //4 is twice as great as is available when the stop of the camera is moved 
to f/S, and it will admit four times as much light and, therefore, will require 
only l/4th the time of exposure. With the same aperture some cameras will 
accommodate a wider field of view than others; hence the field of view, defined 
by the angle subtended by the photograph at the center of the lens, gives an¬ 
other measure of the quality of a camera. 

The production of the “negative” image in the film depends on photochemical 
action to which only a brief reference can be made. When light of suitable 
frequency strikes the very minute crystals of silver bromide in the gelatine 
coating of the photographic film or plate, the energy of the light initiates a 
change in the molecules, which, upon the development of the film, results in the 
release of an atom of silver for each molecule affected. Consider the image of a 
man wearing a dark suit and a white shirt. Little light will be reflected from 
the dark suit, hence little silver wdll be liberated in the negative in that area 
covered by the image of his suit. In contrast, relatively much light will be 
reflected from his white collar, hence that part of his image on the film will come 
out dark with liberated metallic silver. Thus it is seen that there is a reversal 
of brightness; in other words, the developed film or plate is a “negative.” 
Since another reversal takes place on printing, the photographs thereby secured 
are “positives” or, in other words, true to life. The printing may be carried out 
by direct contact or by projection of the illuminated negative on to the photo¬ 
sensitive paper. In the latter case, the size of the photograph is subject to control 
through the choice of the u and v values. 

Photographic cameras are an integral part of many types of physical equip¬ 
ment designed to supply a permanent record of some kind. Thus a spectrograph 
provides a means of obtaining a photograph of the spectrum, a micrograph en¬ 
ables one to secure photomicrographs of such minute objects as the cells of a 
tumor, etc. Aerial photography was found to be of great value during the war 
and is now finding a wide variety of peacetime applications, for example, in 
making rapid surveys. 

The requirements of a good photographic lens are very exacting and are met 
in only the expensive cameras. The lens must have a large aperture, be free 
from astigmatism, splicrical aberration, and must be achromatic and not distort 
any part of the image. Straight lines any place on the object must appear 
straight on the image. These requirements cannot be met by any single lens; 
in fact, the best lenses employ four or more separate component lenses and 
more than one kind of glass. The lens shown in Fig. 33-2 is known as a tessar 
lens and is a highly satisfactory one for both camera and projection work. 

33.2. The Motion Picture Projector. The moving-picture camera is now in 
wide use by amateurs as well as by professionals and also for a variety of 
laboratory work. It differs in principle only in the use of long lengths of film 
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and in having moans of moving the film, frame by frame, and thereby obtain¬ 
ing perhaps 24 or more pictures per second. In scientific laboratories the film 
may be made to advance frame by frame or continuously, as required. Films 
of mo\'ing machinery or of apparatus may be taken, and then run through 
the projector more slowly than normally in order to enable a 
poison to study in detail some transient phenomenon. Film 
records of deflections of electrical instruments, as used for 
example in electrocardiographs, or of transient phenomena 
sliown by oscilloscopes, arc of fundamental importa'nce in 
many lines of research, as well as in medical practice. Both 
film cameras and film projectors require a moving shutter 
arrangement to block out the light while the frames arc being 

changed. A schematic means for film recording, including an arrangement for 
the sound track, is shown in Fig. 52-3(a). 

33.3. Projection Lantern. AA hile slide projectors were once used almost ex¬ 
clusively in schools for instruction, they are now used widely in homes for the 
projection of slides of personal interest. The optical system of a typical projec¬ 
tion lantern is shown in Fig. 33-3. In this the lamp, backed by a reflector, is 




Fio. 33-3. Path of light through a Model B balopticon (Courtesy of Bausch and Lomb 

()l)ti(;il (’o.) 


mounted with its filament on the optical axis of the lens system. Tlie condensing 
lenses serve only to enable the lantern to make use of a wide solid angle of 
luminous flux from tlie lamp and to ehangc the direction of the light rays so 
as to cause them to pass through not only the slide but also the objective lens 
of the lantern. Were it not for these lenses, only the small cone of light defined 
by the dotted line.s would be utilized by the lantern, and only that portion of 
the slide included within the cone would be ])rojected with the necessary l)right- 
ness. It will l)e noticed that the image on tlie screen will be invert(Mi. just as 
in the ca.<(' of any real image; hence to make the image ap|)ear erect, tin* slide 
it>elf must he inserted in the inverted and reversed orientation. Altliougli 
neither the reflector nor tlie condensers play any part directly in the formation 
of the image, the failure to adjust them projicrly is responsible for most ca.ses 
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of poor projection. The reflector must be its radius of curvature from the fila¬ 
ment and orientated so as to form the image of filament coils between the coils 
themselves and in the same plane, and the distance from the lamp to the con¬ 
densers must be such as to give the light only as much convergence in leaving 
the latter as may be necessary to cause the beam to pass through the objective. 
An opaque projector differs little in principle from the projector for transparent 
slides, except that the light reflected from a page or picture to be projected is 
very weak compared to the light that is transmitted through a slide. This means 
that more light is needed and that a lens of large aperture is required. Even 
then the room must be carefully darkened and the eyes of the observers given 
time to become darkness-adapted. Assuming a good projector, the most com¬ 
mon causes of unsatisfactory results are the failure to darken the room suffi¬ 
ciently and to protect the eyes of the observers while changing the objects to 
be projected. 

33.4. Simple Magnifier. Due partly to the structure of the eye itself and 
partly to the limitations in illumination, one’s power to see details of micro- 
objects is insufficient for many purposes. Since the size of the image on the 



Fig. 33-4. The optics of the simple magnifier 


retina of the eye must increase as the angle subtended by the object, one may 
secure a larger image by bringing the object closer to the eye, the largest 
practical image being that obtained when the object is at the least distance to 
which the eye can accommodate. This distance is about 10 in. or 25 cm for 
normal eyes and is known as the distance of distinct vision, (D). Nearsighted 
persons can see closer objects, but the opposite holds for farsighted people. How¬ 
ever, if one places a convex lens close to the eye, objects may be brought much 
closer and, thereby, much larger images secured; but only one eye can be used 
since the two eyes cannot converge at distances much less than D. Fig. 33-4 
qualitatively represents the manner in which the size of the image on the retina 
changes as the object is changed from a distant position (1) to the distance D, 
(2) and finally to a position slightly less than the principal focus (3) of the 
simple magnifier shown in front of the eye. The angles shown in the dia¬ 
gram are necessarily greatly exaggerated. Actually they are so small that they 
may be taken to vary inversely as the distance to the object. If the object were 
brought to only tiie focal position, the magnification secured would be 25//, 
and parallel light would be given to the eye by the lens. But since one can ac¬ 
commodate to a distance of 25 cm, it is possible to bring the object within-the 
focal distance and observe a virtual image of it at 25 cm. For this case one can 
compute the distance, u, to w'hich the object may be l)rou_ght, by using the ^en- 
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oral formula: 1/u — 1/25 = 1//. But the magnification is given by the ratio: 
25/u, wliich equals 25// + 1, or D/j + 1 in ease the distance of most distinct 
vision is different from 25. 

Theoretically one might expect to obtain any magnification desired by simply 
decreasing f, but it is impractical and inconvenient to manipulate objects and 
the lens so close to the eye and the eye itself works at a disadvantage when not 
all the pupil is utilized. A magnification of 10 to 15 is the practical limit for a 
simple magnifier. Even for this magnification one should have achromatic 
doublets or triplets. 

33.5. The Compound Microscope. For higher magnifications it is simpler to 
magnify a magnified image; for if an image is 10 times the object in dimen- 






I 

M#(Konl<oi Tub« 
060 mm) 


t. 


Optk«l Tub* 


Ob|«<t 




Virrvol lmo9# 






Primory Imop* 
formed by Obj*<ttv* 

lowff Focol Pf*n* 
of lyeplect 



<250 mm) 


Fio. 33-5. (a) Fchoinatic arrangement of the jiarts of a compouml micro-'Tope an<l the 
paths of light ray.s through the in.'tnimcnt. (b) cut showing a typical laboratory 
compound microscope (Courtesy of Bausch and Lomp Optical Co.) 


sions, a tenfold magnification of this image would give a resulting magnification 
of 100, a value much higher than it would lie practicable to obtain directly 
with a simple magnifier. A magnifier making use of two sets of lenses, the one 
to magnify the image of the other, is called a compound microscope. The ar¬ 
rangement of the lenses is shown diagrammatically in Fig. 33-5(a), and a 
typical microscojic in (h). The lower lens is known as the objective and is gen¬ 
erally of very short focal length. The images formed by the objective at the 
other end of the tube in which it is mounted are larger than tiie o!)j(‘ct hv the 
ratio of v/u, or L/u, where L is the length of the tube measured to the jiosition 
of the real image. The magnitude of this ratio can be computed from the focal 
length of the objective, /,„ and the value of L, by u.-ing the ha.<ic formula, as 
follows: \/u + \/L = \/f^. Since the objective forms a real image, thi' algebraic 
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sign of L is +. Solving for the ratio of L to u, which gives the magnification, 
one finds: = L/u ~ L/f^ — 1. The ocular, or eye lens, simply magnifies the 

image produced by the objective and alone gives a magnification of D/f^ -f- 1, 
hence the total possible magnification is the product of these two magnifica¬ 
tions, or 


M = = 



or approximately 


LxD 

So Xfe 


The exact value will depend on the degree of accommodation of the eye. The 
value of D for the normal eye is 25 cm. 

Even in the cheapest microscopes on the market, the lenses used for the ob¬ 
jective and the eyepiece are actually compound lenses; simple lenses would 
give spherical and chromatic aberrations too serious to tolerate where high mag¬ 
nifications are required, and they would not give a flat field. The qualities re¬ 
quired of the objective, particularly, but also of the eyepiece, make it impera¬ 
tive that each be made up of two or more lenses, and that glasses of different 
dispersive powers be used in their construction. Even the spacing and the orien¬ 
tation of the component parts of the objective or the eyepiece are so important 
that anyone except a skilled instrument technician should hesitate to take apart 
such lenses even for cleaning. 

33.6. The Objective. The shorter the focal length of the objective, the greater 
is the magnification, but the more difficult the problem of illumination and of 
finding the image, and the smaller is the field in view at one time. It is assumed 
that the manufacturer has successfully solved the very difficult problems of 
chromatic and spherical aberration. To secure great distinctness, a lens must 
be able to collect a large cone of light as well as to distinguish objects very 
close togetlier and the loss of light between the object and the lens must be as 
small as possible. It is found that the efficiency of a lens may be measured by 
the numerical aperture, N.A., defined by n sin <f}, where n is the index of re¬ 
fraction of the least refractive substance between the object and the objective, 
and (f> is the angle between the axis of the microscope and the most divergent 
usable ray that can enter the microscope; in other words, it is half the apex 
angle of the widest cone of light that can be utilized by the objective. The 
numerical aperture of an objective is generally marked on it by the maker and 
is significant in several respects. The light entering the objective varies as the 
square of the numerical aperture. The power of the lens to reveal fine details, 
in other words, its resolution, depends on the numerical aperture as indicated 
by the relation: d = \/2n sin 4>, where A is the wave length in centimeters of the 
light used, and d is the least separation of two lines on the object that can be 
resolved by the lens. The images of any closer objects would coalesce and ap¬ 
pear as a single image (due to diffraction effects). 

Since the resolving power of a lens—that is, its ability to separate the images 
of two small adjacent sources—varies as 1/d, hence inversely as A, one can 
secure more than double the detail obtainable by ordinary light by using ultra- 
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violet light. The best microscopes may resoh'c objects 0.0005 mm (0.00002 in.) 
apart using green light, but with ultraviolet light, 0.0002 mm (0.000008 in.) has 
been attained. The relation shows also that an increase in n should aid in se¬ 
curing greater detail. As can be seen from Fig, 33-6, this increase should help 


in two ways. In (a) light emerging from the cover glass of the microscope slide 
is bent in the air away from the perpendicular and much of it misses the objec¬ 
tive. Also, light will be lost through reflection from the surface of the cover 
glass and also from the under surface of the objective, particularly from the 
peripheral portions of it. In (b) it is seen that, by using an immersion oil such 
as oil of cedar, which has about the same index of refraction as the cover glass 
and as the lower component of the objective, the rays from the object are not 
bent away from the lens nor arc they so weakened or blurred by reflections. 
Although oil immersion is essential for very high powers, it can hardly be used 
for medium or low powers because tlic oil would not fill the space between the 


Fig. 33-6. When air fills the spare between the slide 
and the objective of a microscoiie, as in (a), a great 
deal of light is lost that could be saved through 
the use of an oil-immersion objective, as in (b) 


cover glass and the objective, and the obliquity of tlie rays is not such a serious 
factor in any case. Even the thickness and the quality of the cover glasses used 
become important for very high magnifications. 

High magnification is obtained at the expense of depth of focus and also 
of ‘‘working space.” A 25-mm objective giving a magnification of 80x (that 
is, 80 times in linear dimensions of the object) and having a resolution of 
0.0025 mm, has a depth of focus of 10 times this, or 0.025 mm. In contrast, an 
oil immersion objective marked 2 mm, 1.5 N.A., resolves 0.0002 mm but has a 
depth of focus of only 0.00006 mm or only 1/3 its resolving power. Indeed so 
shallow is the region of focus that the image is hard to discover, even with the 
fine adjustment of the microscojie, which is provided to meet just this difficulty. 
Even if found it mav be lost since the eves accommodation may “wander.” 
In view of these difficulties with high magnifications, it is advisable to use the 
lowest power which will meet the requirements. A physician is likely to use a 
16 mm, 0.25 N.A. objective in cxj)loratory work to locate fields of interest, 
perhaps a 4 mm, 0.65 N.A. for tissue work, but may need an oil-immersion, 
1.8 mm, 1.25 N..\. objective for work with bacteria. The wide cones of light 
required for high magnifications cannot be obtained satisfactorily by a .‘tingle 
lens without too much loss of light and distortion. The rays must be bent in 
easy stages, hence a number of lenses must be included. A 4-inm hais i.s one 
which is made up of a group of lenses giving the same magnification that a 
simj»le, 4-mm lens would give. It would allow a working space not of 4 nun, 
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but of only 0.6 mm between the lens and the object, while a 2-mm oil immer¬ 
sion objective provides only 0.25 mm. 

In Fig. 33-7 are shown three different strengths of objectives, together with 
a qualitative indication of the comparative areas (see circles below the lens 
diagrams) of the field that can be taken in with one setting of the slide. It 
should make clear what every microscopist knows too well, the difficulty of 
locating the object with a high-power objective. To simplify this matter, mod¬ 
ern microscopes have two or three objectives mounted on the same nosepiece 
so that the use of the high power lenses may be preceded conveniently by 
exploration with the lower powers. It should be noted that visibility of small 



Fig. 33-7. The longer the focal 
length of an objective the 
larger the field of view 


Fig. 33-8. The two com¬ 
monly used eyepieces are (a) 
the Huygens (negative) and 
(b) the Ramsdem (positive) 


structures through a microscope depends quite as much on resolving power as 
on magnification. It does little good to magnify greatly if the resolution does 
not keep pace, or to have good resolution unless there is sufficient magnification 
to make the structure visible to the eye; for the eye cannot resolve images 
subtending less than 1 or 2 minutes of arc. The practical limit of magnification 
of a microscope is about lOOOx N.A. or roughly a magnification of about 
1500X. 

33.7. The Eyepiece or Ocular. Two types of eyepieces are in wide use, the 
“negative’' Huygens and the “positive” Ramsden eyepieces. They are shown 
in Fig. 33-8. There are others designed for special purposes, especially to com¬ 
pensate for the inherent difficulty of getting the images produced by the differ¬ 
ent colors to coincide in both position and size. The Huygens eyepiece is simple 
in construction, gives an excellent field and, since the image formed by the 
objective falls within the eyepiece, adds less to the length of the microscope 
than do the other types. The lower of the two plano-convex lenses used serves 
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mainly to give a slight convergence to the diverging rays from the objective, 
so that they \\ ill pass through the eye lens and the pupil of the eye as indicated. 
This accounts for the brightness of the field which is given a clean-cut boundary 
by a diaphragm placed in the plane of the real image. An eyepiece scale called 
a reticle, whether a scale or simple cross-hairs, may be placed on this diaphragm 
for special purposes. Since the image plane falls within the eyepiece, it cannot 
be used as a simple magnifier, hence the Huygens eyepiece is less suitable for 
use in micrometer microscopes than the Ramsden eyepiece shown in (b). 

The Ramsden circle or eyepoint of a microscope is a small region about a 
centimeter above the eye lens through which the rays from every point of the 
object pass. The plane of the pupil of the eye should be placed at this point, 
since here the entire field of the microscope is visible. From a distance of 30 cm 
or more, this cross-over point has the appearance of a bright circle of light 
which is known also as the exit pupil of the instrument. The size of this pupil 
decreases with the increasing power of the eyepiece, and if it is reduced too 
much, say to less than 1 mm in diameter, not only the quality but the bright¬ 
ness of the image will decrease, since the brightness of the image varies with 
the square of the diameter of this pupil. Using the same eyepiece, a 16-mm 
objective would have an image 2.5 times as bright as a 2-mm objective. 

33.8. Condensers. Since a magnification of 500 means an increase in area of 
250,000 and a dimming in the same ratio, it is obvious that the image would 
be hardly visible unless there is a compensating pre-intensification of light on 
the object. This is accomplished by means of a condenser lens with an iris dia¬ 
phragm to limit the cone of light to that which can be utilized fully by the 
objective being employed. In general the full power of the objective cannot be 
realized unless the condenser has an equal N.A. value. If one uses an oil-im¬ 
mersion objective with an N.A. value of 1.25 he will be unable to secure much 
more than 1.02 unless the contlenser lens is likewise oiled to the slide. The 
condcn.scr sliould be weakened by removing one of the lenses, or taken away 
when using low powers, since the light is too concentrated to fill the entire field 
of view available with low powers (see Fig. 33-7). In many cases it is an ad¬ 
vantage to place a yellow-green filter (a plate transmitting only yellow-green 
light) between the light source and the slide to shut out the glare-producing 
and relatively valueless portions of the spectrum, as it improves the color cor¬ 
rection of l)oth the lenses and the eye and affords some relief from eyestrain. 

33.9. Dark-Field Illumination. For many purposes it is advantageous to 
view particles by means of indirect light only. To arrange this, one may simply 
swing the mirror beneath the microscope sufficiently to one side to prevent any 
of the light reflected from entering the objective except by scattering, but tlii's 
gives illumination from only one side ami is satisfactory for only low powers. 
It is better to block the light from the central cone of the light directed toward 
the o!)jective and thereby to illuminate the slide by a hollow cone of li-ht so 
broad that only light scattered by the object on the slide will be able to'f'nter 
the objective. Of the many ways of arranging this, two are shown in Fi-. 33-9. 
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Since reflection and refraction both play a part, it is possible to detect particles 
an hundredth as large as the finest that can be detected by transmitted light. 
Even slides suitable for transmitted light can be studied with profit by dark- 
field illumination, particularly in cases where the problem of staining is difficult. 
In the case of geological slides and some biological slides, illumination from 
above the slide is necessary. This can be arranged by special lamps or by a 







Fig. 33-9. Two forms of condensers in common 
use for dark-field illumination of microscope 
slides. Only the light scattered by the object 
viewed can enter the objective 


mirror throwing down a hollow cylinder of light which is converged onto the 
specimen by a ring-shaped lens. 

33.10. The Ultramicroscope. The ultramicroscope is used to detect particles 
in suspension which are far too small to be detected by the ordinary methods 
of microscopy. It makes use of a very intense cross beam of light so thin and 
narrow that only particles within the field and focal depth of the objective will 
be illuminated. The general scheme is shown in Fig. 33-10. Only the light di- 


Fig. 33-10. Optical system of an ultra- 
microscope. Only the light scattered by 
the ultramicroscopic particles can enter 

the microscope 


verted by the particles can enter the microscope, but any particle that diverts 
enough to be detected by the eye will be “seen” whatever the size or shape, and 
it may be less than an hundredth of the smallest that can be seen in the ordi¬ 
nary sense with a microscope. Indeed, particles so small as to be given marked 
‘ Brownian movements” by unbalanced molecular bombardment may be ob¬ 
served in the ultramicroscope. It must be kept in mind that the ultramicroscope 
merely reveals the presence of particles; it gives no information as to actual 
form as the apparent forms are generally entirely due to diffraction patterns. 
Since so little of the light is intercepted, a very strong illuminant must be em¬ 
ployed. 

33.11. Special Microscopes for Biology and Medicine. For some types of 
work in biology and in medicine, the very simplest, low-power microscopes will 
suffice, and such are widely used. On the other hand, many uses require the 
very finest that are available. Most microscopes are monocular, but for many 
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uses it is an advantage to have the hinociilar type. Some of the latter employ 
but one objective, otliers employ two and are essentially double microscopes. 
The general scheme of one type is indicated in Fig. 33-11 which shows a one- 
objective binocular microscope. The binocular instruments have the great ad- 
^antage of causing less fatigue in protracted periods of observation. It is easier 
to use an instrument that does not require the closing of one eye or else occlud- 
ing it, or learning to ignore the image in it. Another advantage which is pos¬ 
sessed by the two-objective type lies in the stereoscopic vision made possible, 
which affords the sense oi de|)th in the same way the eyes 
would obtain it if they were able to sec directly the ob¬ 
jects in sufficient detail. Also, the use of doubly reversing 
prisms in each branch gives erect images. All these are 
particularly valuable in microscopes designed for dissec¬ 
tion. Since the objectives would mutually interfere if 
brought as close to the object as is required for high 
powers, stereoscopic microscopes are limited to powers 
below about 150 x. 

33.12, Telescopes. The astronomical telescope is sim¬ 
pler than the microscope, since only small angles must be 
handled by the objective. It was found that large images 
were secured in the microscope by bringing the object 
close to the objective, but in the case of the telescope this 
is impossible since all the distances involved are essen¬ 
tially infinite compared to the focal lengths of the lenses 
employed. The only way to obtain a large image, then, 
is to employ an objective having a long focal distance. 

Once this image is secured, one can bring the observer’s 
eyepiece as close to it as may be found desirable. The focal lengths of port¬ 
able telescopes are limited to a few feet, but the large Yerkes telescope has 
a focal length of 02 ft. The angle subtended by astronomical bodies is the 
same for all telescopes and for the eye. But the angle subtended in the eye by 
the image depends on how close the image can be brought to the eye and this, 
in turn, dejx'nd.s on the focal length of the eyepiece. Since the image in the eye 
is proportional to the angle subtended, the magnification obtainable through 
the use of the telescope is simply the ratio of the angle subtended by the image 
to that subtended by the object itself. By referring to Fig. 33-12 it is seen that 
this is the ratio of a to ^ or of /„ to /^. The largest lens-telescope or refractor 
is that of the Yerkes instrument which lias a diameter of 40 in. and this seeans 
to be the i)racti<-al limit, since the difficulty of making large lenses increase's 
rapidly with the diameter and, even if it were possible to obtain tlie we'ight of 
uniform glass reepiired for the lens, its very weight would cause distort ioii> even 
in a perfectly ground lens. 

For larger diameters it is more practical to use reflectors since' iliey re(|uire‘ 
tlie grineling of but one .surface and the uniformitv of the bodv of the- relieclor 


Fir,. .33-11. Optic.'il 

svstcni of a onc-oh- 
% 

jeclive liinociilar mi¬ 
croscope 
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is of little concern. To avoid spherical aberration, the surface is made a parab¬ 
oloid and, to get the image out of the light path for examination, use is made 
of a reflector. The new giant telescope on Mt. Palomar near Los Angeles has a 
diameter of 200 in. and will be able to photograph stars six thousand million, 
million, million miles distant. 

Terrestrial telescopes differ little in principle, but they require either extra 
lenses along the path of light to make the image erect, or else erecting prisms, un- 



Fig. 33-12. Optical system of a simple astronomical telescope 


less one wishes to make use of a negative eye lens, as did Galileo. The use of 
erecting pairs of lenses increases considerably the length of the tube so that 
portable telescopes of this type are usually provided with telescoping tubes. As 
magnification goes up the field of view falls, and the disturbing effect of un¬ 
steadiness in the holding of the telescope becomes so serious that a magnifica¬ 



tion of more than 8x is not practicable. 
The magnification of a mounted tele¬ 
scope is unlikely to be greater than 50 X. 

The most satisfactory telescopes for 
use by hand arc the prismatic binoculars 
of the type shown in Fig. 33-13. They 
offer the advantages of stereoscopic 
vision and of shortened length due to the 
use of erecting and reversing prisms 
and the added path for the light there¬ 
by afforded. They give a large, clear 
field of view and are sufficiently com¬ 


Fin. 3.3-13. Prismatic-type binocular 
(Courtesy of Bausch and Lomb Optical 

Co.) 


pact and sturdy to make them suit¬ 
able as “field glasses.” The eyepiece of 
this and of the other types, except 
for the Galileo type, is the Huygens 
eyepiece similar to the ones used in microscopes, as described above. 

33.13. Endoscopes. Endoscopes are essentially slender telescopes designed to 
be introduced through a natural body opening into a body cavity for the pur¬ 
poses of examination. They operate on the same principles and differ mainly in 
their diameter, lengtli, and in their arrangement and number of lenses and 
prisms. Among tlie more commonly used of sucli instruments may be mentioned 
bronchoscopes, cystoscopcs, laryngoscopes, and gastroscopes. In some cases a 
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sheath is first introduced. Then the “-scope” is inserted and the wall of the 
body cavity examined, zone by zone. The terminal sections are interchangeable 
so that different zones can be examined in turn and the entire internal surface 
thereby inspected. Since the outside diameter of a cystoscope must be kept 
small, it is obvious that the prism and lenses are minute, say 5 mm in diameter, 
and must be made and mounted with great care. It is equally plain that the 
image produced by the objective must be made small to keep within the con¬ 
fines of the tube. On this account a number of lenses are distributed along the 



Fig. 33-14. (a) Tubular sheath for a cystoscope, containing a small lamp near its far 
end. (b) Exterior view of a cystoscope. (c) Enlarged section of a straight-type cysto¬ 
scope showing arrangement of achromatic lenses 


tube and so spaced that the image of one set is picked up and passed on with¬ 
out magnification by the next and so on until the eye lens is reached. The latter 
forms an enlarged erect image, although the total magnification is not high— 
perhaps twofold. While the extra lenses cause some loss of intensity by surface 
reflections, they make possible an exit pupil of about 2 mm in contrast with the 
1 mm characteristic of tlic earlier instruments, which means a fourfold increase 
in intensity. The general form and structure of a cystoscope, shown in Fig. 
33-14, may be taken as characteristic of instruments of this class. In many cases 
it is advantageous to photograph the walls of the cavity being examined. This 
is made possible by a special camera attachable directly to the telescope of the 
instrument, even in the case of a gastroscope which has a total length of about 
30 in. 


Problems 

1. A certain camera has a focal length of 6 in. How far from the camera lens must a 

girl 5 ft C in. tall stand if she wants her image to be 3 in. long on the film? 1 l.o ft) 

2. ITow far from the infinity notch for the len.'^ mount i.s that for the M-ft di.'itance, 
referring to the camera of Problem 1? Which is the farther front? 
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3. Assuming the headlights of an oncoming car are 4.4 ft apart, how far away is 
this car when first they can be seen as two lights? Assume that the resolution of the 
eye is not better than 1 minute of angle. (An^. 2.86 mi) 

4. A student is using an eyepiece having a focal length of 5 cm. How much closer 
to the object does he hold the lens when his eye is accommodated to 25 cm than when 
this eye is relaxed for parallel rays? 

5. Find the magnification of a compound microscope whose objective and eye lens 
have focal lengths of 8 mm and 25 mm, respectively, if the tube length is 160 mm. 
Find the difference between the result obtained by using the exact formula and that 
obtained with the approximate formula. (Ans. 209x; 200x) 

6. A student fastened with adhesive tape an objective lens having a focal lens of 
2 cm to one end of a cardboard tube 20 cm long, and to the other end he attached an 
eye lens having a focal length of 5 cm. At what distance must he hold an object from 
the objective if he is to view a virtual image 25 cm from the eye lens? 

7. Assuming a water (n = 1.333) immersion lens and a half angle of 45®, find its 
N.A. value. Find also the least separation of lines that can be resolved by this lens 
using light having an effective wave length of 0.0000530 cm. (Ans. 0.942; 0.0000282 cm) 

S. Repeat Problem 7 for an oil-immersion lens if n = 1.5 for the oil and if the half 
angle is 60®. 

9. How much gain in resolution, also in illumination, may be obtained by replacing 
a lens of N.A. 0.48 by one of N.A. 1.44? {Ajis. 3:1 in resolution, 9:1 in illumination) 

10. An amateur astronomer built a telescope 8 ft long and attached an eye lens 
having a focal length of 1.6 in. to one end. What magnification of distant objects does 
he obtain? 

11. A telescope having an objective lens of focal length of 80 cm is used to view an 
object 640 cm from the objective. If the eye lens has a focal length of 2 cm, how far is 
this lens from the objective if the virtual image is clear and 30 cm from the eye lens? 
(Ans. 93.31 cm) 

12. An enlarging camera lens has a focal length of 20 cm. Find the u and v distances 
for a threefold enlargement. (Ans. 26.7 cm; 80 cm) 

13. Laboratory partners A and B are using the measuring microscope shown in 
Fig. 2-1. B is shortsighted (myopic). Will his observations on that account be dis¬ 
cordant with those of A if he has to readjust the eyepiece each time he takes a turn 
at reading the instrument? Would your answer apply equally well to a readjustment 
of the objective-to-slide distance, or of the tube length? 

14. Referring to the micrometer microscope of Fig. 2-1, suppose an 8-mm objective 
is used, what will be the apparent distance between the lines of the image of a tenth- 
millimeter standard scale placed on the stage, assuming a tube length of ISO mni? 
If the eyepiece has a focal length of 25 mm what is the total magnification? Explain 
why the numerical data describing the lenses do not enter into the practical use of 
the instrument. (Ans. 21.5; 2.15 mm) 

15. Instruments of the nature shown in Fig. 33-14 utilize a succession of lenses which 
produce a series of images running the entire length of the slender tube without mag¬ 
nification until the eyepiece is reached where a magnified image is produced. Briefly 
explain why this scheme conserves light, makes possible a brighter image, and gives a 
wider field of view than would be possible if a single objective-eyepiece combination 
were used, as in the compound microscope or the telescope. 

16. Find the magnifying power of a prism binocular if each eyepiece has a focal 
length of 1.8 cm and each objective a focal length of 16 cm. How much would the e\e 
lens mount be moved in changing from viewing a stage at 20 m to viewing the moon^ 

17. Does the use of both eyes, possible with binoculars, increase the magnification. 

If po.ssi]ile examine a prism binocular and discover (a) how one may adjust the 
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binoculars to allow for any difference between the two eves, fb) how the two circular 

holds are brought into coincidence. Explain briefly how the use of prisms sliortens the 

length of the tube in two ways. What advantages and what disadvantages has large 
magnification? * 
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The Eye and Its Optical Properties 


The human eyeball is approximately spherical in form though its diameters 
vary sliglitly with orientation. Its general structure is shown in Fig. 34r~l. The 
anterior-posterior diameter is greatest, having a value of 24.15 mm against 
23.48 for the vertical, which is least. It has a weight of 7 gm and a volume of 
6.5 cm^. Its wall is made up of three parts: (1) the sclera covers the posterior 
five-sixths of the surface; the remaining portion, called the cornea, is trans¬ 
parent and has a greater curvature than the rest of the eyeball. (2) The choroid 
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Fig. 34-1. The eye as an optical instrument 


is a vascular, middle layer which is associated with the intrinsic muscles of the 
eye. Near the junction of the sclera and the cornea is a vascular structure, the 
ciliary body. Its anterior portion contains both radial and circular fibers. The 
radial fibers are arranged in such a fashion that when they contract they pull 
the choroid coat forward. Attached to the inner surface of the ciliary body is the 
zonula which supports the lens. The anterior surface of the ciliary body supports 
the iris, which is a circular diaphragm. The color of the iris is the “color" of the 
eye. The size of the central opening of the iris, or pupil, is controlled by two 
sets of muscle fibers; one, in the form of concentric fibers, can constrict the 
pupil to about 2 mm, while the other set, arranged radially, can dilate it to 
nearly 8 mm. (3) The inner coat, the retina, is the light-sensitive layer on which 
the images are formed by the lens. It consists actually of about ten layers, the 
inner group consisting of nerve fibers, ganglion cells, and interconnecting cells. 
The outer two are the ones directly concerned with the physics of vision, the 
photo-receptor layer which includes the rods and cones, that is, the visual cells, 
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find the finfil pigmented epithelium. This Litter layer serves the purpose of 
blocking most of the light that might enter the eye by diftusion through the 
scleia and choroid and also ot reducing the iiudtiple scattering of the light 
entering the interior through the pupil. At the point where the antei 'ior-posterior 
\isual axis strikes the retina is a small area called the macula lutea, in the 
center of which is a depression called the fovea centralis. Only the images fall¬ 
ing on this minute area can be seen in great detail. 

The chamber between the lens and the cornea is filled with aqueous humor, 
and the other chamber with the vitreous humor. The lens is a transparent bicon¬ 
vex elastic body suspended in a capsule by the zonula. When the eye is at rest 
the zonula is under tension. This tension is transmitted to the capsule and the 
thickness of the lens is reduced. AVhen the eye accommodates in order to focus 
on near objects the ciliary muscles contract, the choroid is pulled forward, ten¬ 
sion on the zonula is relieved and the clastic capsule causes the lens to assume a 
more convex form. 

34.1. Optical Qualities of the Eye. As in the case of any optical instrument 
the path of the light waves must depend on both the curvature of the surfaces 
and the refractive indices of the media through which the rays pass. In the case 
of the eye the values of the indices of the media involved are as follows: air. 
1.00; cornea, 1.37: aqueous and vitreous humors, each 1.33; lens, 1.42 (total 
effective). The radii of curvature of the anterior and posterior surfaces of the 
cornea arc 7.98 and 6.22 mm, respectively, and of the lens 10.20 and 6.17. From 
the general lens formula, 17 = [n - l)(l/7?i + 1/^,.), it may be shown that 
the cornea must be stronger in its lens action than the lens itself since its value 
for (« — 1) is 0.33 while for the lens it is only (1.42/1.33 — 1) = 0.068. ]\lorc- 
over the radius of curvature of the cornea averages less than that of the lens. In 
fact the dioptric value of the cornea is 32, whereas that of the lens is only 18. 
the total power ranging from about 50 upward depending on the degree of ac¬ 
commodation. It is much less, of course, when the eyes are immersed in water 
(AVhy?) 

The lens is really made of transparent layers of radial fibers which are modi¬ 
fied epithelial cells. The index of refraction is greatest in the central and least 
in the peripheral portions. The form of the lens is due to the clastic properties 
of the capsule and when removed from the capsule it does not retain its form. 
The wall thickness of the capsule is itself variable, being thickest near the 
periphery, hence on accommodation the form departs somewhat from the 
normal shape and it automatically, though only partially, corrects for both 
spherical and chromatic aberration. While these corrections are incomplete the 
eye is so mucli more sensitive for the yellow-green region than for the other 
regions that it suffers little from the fact the latter are not in perfect focus. 
Also, if the pupil is small, as it is under adequate illumination, the peripheral 
rays are shut out and the correction is considerably improved. 

34.2. Accommodation and Convergence. In order to form sharp images on 
the retina of olqects at different distances, the eye must be able to accommodate 
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through rather wide limits. When the normal eye is relaxed objects beyond, say, 
5 or 6 m are in clear focus. In order to bring nearer objects into focus, some 
have supposed the eye to become elongated and the radius of the cornea to 
decrease, and others have supposed the lens might move forward as in the case 
of an adjustable-focus camera, but such changes as these could hardly take 
place physically with an eye filled with an incompressible medium like the 
humors, nor is there any evidence to support such concepts. On the contrary 
several lines of evidence point to the change in the radii of curvature of the lens 
as adequate to explain fully the ability of the eye to accommodate to distance, 
and it has been proved by optical means that such changes do take place. 



Fig. 34-2. The accommodation of the human eye decreases with increasing age 

(Adapted) 

According to the theory, due largely to Helmholtz, the capsule containing 
the jelly-like lens is, in a relaxed eye, ordinarily under tension due to the 
vascular choroid. To accommodate to nearby objects the ciliary muscles con¬ 
tract, as described above, thereby allowing the lens to become more spherical 
than normally it is and, therefore, more convergent. For maximum accommoda¬ 
tion the radii of the surfaces of the lens may fall to 5.5 mm each, nearly all the 
change being made by the anterior surface to which the suspensory ligaments 
are attached more numerously and more nearly tangentially than to the pos¬ 
terior surface. 

34.3. Amplitude of Accommodation. For the normal eye in a relaxed con¬ 
dition all distant objects are in focus without any action on the part of the 
muscles of the eye, up to, say, 20 ft or 6 m. The farthest distance at which 
a near-sighted eye in repose can see objects distinctly is called the far point. 
The near point of an eye is the shortest distance to which an object can 
approach the eye and yet remain in clear focus when the eye is accommo¬ 
dating to its maximal extent. In youth this distance may be as small as 
10 cm. The amplitude of accommodation for any individual is defined as the 
distance from the near point to the far point of an individual. The power of 
accommodation is measured by the difference of the reciprocals of these dis¬ 
tances expressed in meters, or, more conveniently expressed, in diopters. Thus 
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one who can see objects only between 100 cm and 10 cm has an accommodation 
of 100/10 — 100/100 = 9 diopters. A man who can see clearly only those objects 
\\hich are at distances greater than 40 cm has an accommodation of only 
100/40 - 100/inf. 2.5 - 0 = 2.5 diop- 

ters. The power of accommodation is 
relatively high in the very young but 
after maturity it decreases rather rapidly, 
as shown in Fig. 34r-2, presumably due 
to the diminishing elasticity of the tissues 
responsible for the accommodation. This 
might well be expected in view of the 
similar stiffening of other tissues of the 
body with advancing age. When the near 
point has retreated to about 25 cm the 
need of spectacles arises and the condi¬ 
tion of presbyopia of old-age vision has 
set in, and thereafter it will become grad¬ 
ually more evident. 

In the consideration of the magnifica¬ 
tion of a simple lens, it was shown that 
the size of the image of an object varies 
inversely as the distance from the eye to 
the object. A nearsighted person might 
see clearly at a distance of 10 cm and, 
therefore, be able to observe five times 

the detail observable bv one whose near 

% 

point is 50 cm. However, the former 
might not be able to make use of both 
eyes at such close distances since his eyes 
might not be able to converge sufficiently 
to make their visual axes intersect at the 

point being obseiwed. which means that their images would not be merged. In 
such a case the image in one eye would simply be ignored, but not without 
causing some confusion. The j)ractical near ])oint then must depend on both 
convergence and accommodation. Accommodation dej)ends also on the intensity 
of the light, because in a strong light the pupil is smaller and the depth of focus 
is thereby increased. In fact one so farsighted as to require glasses, that i.'^. oiu' 
having hyperopia, may be able to read small print held within a few inches of 
the eye by looking through a pinhole in a card, so great will be the depth of 
focus. (Try it.) 

34.4. The Retina. The rods and cones arc the light sensitive organs of the 
retina. These cells make contact with interconnecting cells which, in turn, con¬ 
nect with ganglion cells. The long nerve fibers of the ganglion cells pass over 
the inner surface of the retina and are gathered together to form the optic 
nerve. They have the general form indicated in Fig. 34-3. Both rods and cones 
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Fig. 34-3. The rods and cones of the 
eye are the light-sensitive organs. They 
vary widely in shape. The nearer the 
optical axis the longer are the cones 
(Adapted from Stuhlman, An Intro¬ 
duction to Biophysics, courtesy of John 
Wiley & Sons, Inc.) 
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arc very minute, the former being about 0.07 mm long and 0.002 mm thick, 
and the latter still shorter but thicker. However, neither are of uniform size and 
shape, particularly tlie cones which vary from the shape (a) found farthest 
from the fovea to shape (d) found in the fovea centralis. The entire macula 
lutea is only 0.6 mm in diameter, yet any image to be seen clearly must fall 


1.0 


0.8 


0.6 


0.4 


0.2 


within this area, and for highest resolution it must fall in the central portion of 
this, on the fovea centralis which is a yellow raised spot only 0.2 mm in diameter 
containing only cones. Their hexagonal form and minuteness permits such close 
packing that there are about 120,000 cones per mm^. The image of an entire 
page of a book is very small, but the height of the image of the printed word 
‘'man” in a newspaper is less than 0.1 mm and the distance between adjacent 

lines of print slightly less. It is thus ap¬ 
parent why such fine cone structure is 
required. A person might see clearly per¬ 
haps three lines in a book for a distance 

« 

of as many words without moving the eye¬ 
ball. This means that in reading the eye 
must make many shifts per line, the num¬ 
ber and the time required per fixation 
depending on the individual. There is evi¬ 
dence that two fine lines cannot be re¬ 
solved unless their images leave at least 
one row of cones between them less af¬ 
fected, which would correspond to a visual 
angle of about 20". Actually the eye can 
do much better since it can discern small 
differences in intensity. The limit of reso¬ 
lution is determined, therefore, by the cone 
structure of the fovea as well as by the 
blurring due to diffraction. The fairly 
transparent layers of networks of nerve 
fibers and cells and of blood vessels which 
elsewhere on the retina cover the photoreceptor layer of cones and rods and 
cause blurring interfere little over the fovea where the blood vessels are absent, 
hence permit the reception of the minute details of the images. In contrast the 
spot in the retina at which the optic nerve enters and disperses in network form 
over the inner surface of the retina is devoid of rods and cones, hence is a blind 
spot. 
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Fig. 34-4. The variation in visual 

acuity with angular distance from the 

fovea i.'< .‘ihown l)V the continuous line 
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for high illumination and by the dot¬ 
ted line for low illumination (Adapted 
from Stuhlman, An Introduction to 
Biophysics, courtesy of .Tohn Wiley & 

Sons, Inc.) 


The number of cones per square millimeter decreases and the number of rods 
increases with distance from the fovea so rapidly that the outermost zone of the 
retina contains only rods. Since image detail and color reception are associated 
with the cones, it follows that images falling on the peripheral portions of the 
retina are without color and are indistinctly seen. Twilight and very oblique 
light rays are registered mainly by the rods which, while conveying neitlier 
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color nor detail, do report to the brain the presence of objects. This is of course 
important. The variation in visual acuity with angular distance from the fovea 
is shown in Fig. 34-4 by tiie continuous line for the case of high levels of bright¬ 
ness, and by the broken line for vision under twilight conditions of very low 
intensities. From these curves it is seen that for night vision (low level of 
illumination) one gets clearer images in the peripheral portions of the retina 
than in the region of the fovea. The stars seen through the “corners of the eye*' 
are the brightest. 

Light has both physical and chemical effects on the retina. In the absence of 
light there is no visual sensation, hence there must be a receiving substance or 
pigment which is sensitive to light and is photochemically changed into a sub¬ 
stance which acts as a stimulus to the nerve terminals. The electronic shifts 
which bring about such changes give rise to photoelectric currents tliat are in 
I>roportion to the light intensity, at least for medium intensities. The photo¬ 
sensitive substance of the rods is tlie visual purple or rhodopsin, and the sub¬ 
stance resulting from the action of the light, a clear substance, must bo recon¬ 
verted into rhodopsin. Otherwise vision would fade soon after irradiation has 
begun. Aloreovcr this reconversion must take place rapidly; otherwise vision 
wouhi continue long after the light i.-^ shut olT. Actually both effects are observed; 
the eyes do become fatigued when exposed to lights of high intensity with which 
the reconversion process cannot keep pace and complete reconversion is attained 
only by keeping the eyes in the dark for some minutes—that is. until they have 
become dark-adapted. In line with this, also, there is a ))ersistence of vision 
amounting to a fraction of a second, which explains the blurring of the spokes 
of a rotating wheel, and which keeps the moving picture alive while the frames 
are being changed. Strong support for the explanation of the visual cycle just 
given has come out of studies on the visual threshold. The quantity of luminous 
energy required to cause the visual sensation is rather indefinite unless the 
energy is delivered in a relatively short time, say in a second or less, since the 
restoration of the rhodopsin may prevent the accumulation of the amount of 
excitatory product which is presumably required to produce stimulation. But 
if the exposure is of short duration, say between 0.1 and 0.01 sec, then the 
quantity of energy required for the sensation of vision is a constant—that is, 
the product of the intensity of the light by the period of exposure is a constant. 
By rather direct means it has been found that as few as 9 photons (see later 
section) may be recognized visually. This j)uts the eye in the same class as tfie 
Geiger counter in the matter of sensitivity. The rods are thousands of tini«‘s 
more sensitive than the cones, and allowing for the loss of photons in the net¬ 
work of nerve cells above the rods it seems likely that a single liglit photon can 
activate a single rod. Each ganglion cell has an average of about 9 rods (5 to 
14), and it may be that more than one of them must receive a stimulus before 
an impulse is sent to the brain. 

Studies of visual thresholds have brought out a most striking d(‘p(*ndence of 
the restoration of the visual purple on the presence of vitamin Indeed this 
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vitamin seems to form a vital link in the cycle since the photo bleaching of 
rhodopsin cannot be reversed by the action of the organism itself. In the com¬ 
plete absence of vitamin A the reconversion actually does not take place. This 
explains the night blindness of those whose diet over a long period of time is 
deficient in this vitamin. The longer the period the greater is the threshold 
illumination required, and the magnitude of it has become the test for vitamin A 
deficiency. Enough vitamin A is stored in the liver to take care of short periods. 
While rhodopsin is associated with the rods, there is now evidence that there 
is an analogous substance, iodopsin, associated with the cones, which likewise, 
but to a lesser degree, makes use of vitamin A in its cycle of restoration. 

34.5. Field of Vision. The structure of the cornea, iris, and lens combination 
is such that quite divergent rays are able to enter and to reach the retina. For 
certain planes the angle between the optical axis and the most divergent ray 

that can enter exceeds 90®. The paths of 
these rays are shown in Fig, 34-5(a). If 
the angular range for the different planes 
is plotted as shown in (b), it is observable 
that for the right eye the most divergent 
rays come in from the right. The nose, 
eyebrow, and cheek restrict the field of 
vision in the other planes. The opposite 
holds for the left eye, hence the two eyes 
together take in approximately 200®, leav¬ 
ing the head to turn only about 80° to 
either side to complete the circle. Birds, 
having eyes on the side of the head, have 
no blind zone at all. Imperfect fields of 
vision are quite common defects of the eye 
and those having considerable blind areas 
are hardly safe risks as drivers. 

34.6. Color Sensation and Color Blind¬ 
ness. The eye is quite unable to judge 
whether what appears to be white is due 
to a combination of all colors or of any 
two complementary colors. Nor can it be sure whether a yellow is due to mono¬ 
chromatic radiation in the yellow region—that is, to a pure color—or to the 
joint effect of spectral green and red colors without any spectral yellow present 
at all. Indeed it is possible to produce all shades of all colors by combining in 
proper relative intensities red (6500 A or A), green (5300 A), and blue-violet 
(4600 A). Stuhlman suggests that multiplying the number of distinguishable 
Iiues (125) by the number of shades, by the number of distinguishable tints, 
and by the number of recognizable variations in intensity would give a final 
product of the order of a million. 

According to the Young-Helmholtz theory of color vision the normal eye 



Fig. 34-5. (a) Path of the most di¬ 
vergent ray that can enter the eye. 
lb) The field of vision is limited by 
the most divergent rays that can en¬ 
ter the eye in the various planes 
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has three sets of cone-nerve combinations, each stimulated slightly by most 
colors but one set responding strongly to only the red region, another to the 
green, and a third to the blue-violet region. According to this theory it is sup¬ 
posed that the photoreceptor substances associated with three types of tlie 
cones differ slightly in molecular structure so that the maximum of response of 
each is produced by one of the three colors named. The associated nerve ril)ers 
transmit the stimuli to the brain where the judgment as to color is made. The 
variation in response of each of the three sets to the various regions of the 
spectrum are shown in a qualitative way in Fig. 34-6. In this the regions of the 
spectrum are indicated by the initials of the colors and the approximate posi¬ 
tions of certain Fraunhofer lines are likewise indicated. Suppose that a 
spectral yellow ray strikes the eye. It is seen that both the red-sensitive cones 
and the green-sensitive cones will be affected and the corresj)onding nerves 
stimulated, in about equal numbers, and the brain will recognize the color as 
yellow. Now suppose that instead of a spectral-yellow ray a ray of green ligiit 
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Fro. 34-6. Variation in the sensitivity of the red-receptors, the jrreen-receptors, and 

the bluc-violet-rcccptors with wave lengtli of the light 

and one of red arc both received. Again the brain will receive both and 
will again judge the light to be yellow even though no yellow light is ac¬ 
tually received by the eye. Indeed if the red is admitted to one eye and the 
green through the other the brain will still report the light as yellow, since it 
has no way of knowing whether the stimuli originated from one particular ray 
or from two well-separated rays of the spectrum. This last experiment sliows 
that the combining of colors is not due to the mixing of photoreceptors in the 
eye but is done in tlic brain, just as the brain was found to blend musical sounds 
of which unlike portions and ranges arc received by the two cars. 

When all three sets are stimulated in about the proportion experienced in 
bright daylight, one has come to consider the light as white. However, it is 
possible to pick out various pairs of pure colors which will distribute tlie visual 
sensations among the three sets in about the proportion characteristic of sun¬ 
light. Again the light is judged to be white light even though few frequencies 
are present. Any two colors whose joint effect is to produce white light are 
called complementary colors. There are many pairs, red and bh.ie-grecn being 
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a typical pair of complementary colors. Only by the spectroscope can one judge 
tlie composition of any visible radiation. The Young-Helmholtz trichromatic 
theory has enjoyed a greater degree of popularity than any other theory of 
color vision but it is still inadequate. Modern work suggests very strongly that 
a polychromatic theory which involves more than three types of color receptors 
may be required in order to explain the diverse properties of the human eye. 

In the case of some individuals one or more sets of the specialized cone-nerve 
combinations may be absent, or at least weakly responsive. Such persons are 
said to be color-blind. It is a hereditary characteristic, recessive and sex- 
linked, and no amount of color training can overcome the disability. If the red- 
light receptors are absent then, as may be seen from Fig. 34^6, a red light 
appears to be green to that person, a dangerous handicap, particularly to a 
railroad engineer or to a driver of a motor car. To such a person even a glaring 
sodium light would appear green. The tests for color blindness are compara¬ 
tively simple, involving mainly a study of the mistakes made in the judging of 
a number of standard colors. About 9 per cent of men and 2 per cent of women 
are color-blind. 

34.7. Binocular Vision, Accommodation to near objects involves both lens 
adjustment and convergence of the visual axes. If the convergence control is 
defective, squint may result. In general the power of accommodation is greater 
than that of convergence, and in cases where the images are not superposed, a 
condition known as diplopia, two images are seen, generally as a consequence 
of improper balance of eye muscles. If one eye has a tendency to turn out, 
the condition is known as exophoria, the opposite tendency as esophoria. 
For both near and distant objects the muscles which rotate the eyeballs arc 
coordinated so that the images fall on the focal regions of the two eyes, and cor¬ 
responding points in the two retinas receive the images of the same points of 
the object and thereby make possible single vision. Since the correspondence 
of points varies with the distance of fixation, objects less distant as well as 
objects more distant must appear double. In the absence of superposition one 
of the images must fall on the fovea and the other outside, and the eye in which 
the latter occurs is likely to have its image ignored, but not without eye strain. 
The two images are not in any case exactly alike since the object is seen from 
slightly different directions by the two eyes. These small differences are very 
important, since our sense of depth depends upon them. With one eye shut 
there is a flatness of the image, and one can judge distance only by image size, 
shadow effects, perspective, color shades, parallax, etc., all coupled with ex¬ 
perience. (Try bringing the end of a match held in one hand onto the end of a 
pencil held vertically in the other hand, both at nearly arm’s length, first with 
one eye open, then with both open.) 

Stereoscopes make use of this principle by utilizing two photographs taken 
from slightly different points of view and then viewed by either mirror or lens 
devices arranged to superimpose the images. In X-radiology depths of foreign 
bodies or of organs are made evident by utilizing X-ray plates taken at slightly 
different angles, and suitably mounted to be viewed simultaneously. Binocular 
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vision offers the further advantages of a greater field of view and greater clear¬ 
ness, since any imperfections in one image due to eye defects may be covered 
by the image in the other eye perfectly. 

34.8. Optical Defects of Normal Eyes. About all the optical defects en¬ 
countered in working with optical instruments have been found in even normal, 
that is, emmetropic, eyes. For example, the axes of 
the cornea and of the lens are not coincident and 
neither passes through the fovea centralis. Eyes 
generally have some astigmatism, the cornea being 
like a slice taken from the side, rather than from the 
end of an egg. Both spherical and chromatic aberra¬ 
tion are present, and diffraction eft'ects due to the 
edges of the pupil and to ‘ motes’' in the eye limit 
the perfection of the images. The eye structure causes 
repeated reflections and consequent dimming of the 
images, and only a very limited portion of the retina 
is adapted to clear vision. 

34.9. Common Defects of Abnormal Eyes. Astig¬ 
matism, one of the most common and most serious 
defects of the eye, is due to the cornea or the lens having different curvatures 
in different axial planes; that is, the cornea is egg-shaped rather than spherical. 
Tlic ciliary muscles attempt to adjust the lens to give sharp focus but, if this 
is imi)ossiblc for all planes simultaneously, eye strain must result from the 



Fig. 34-7. The various 
sets of parallel lines arc 
unequally distinct to the 
astigmatic eye 




Fk 5. 34-8. (a) A converging 
lens is needed to correct a hy- 
I)ernietropic eye. (b) A diver¬ 
gent lens, a myopic eye 


sustained but fruitless effort to accommodate. 
To a normal eye the groups of lines shown in 
Fig. 34-7 appear equally distinct, but to the 
astigmatic eye certain of the groups may appear 
darker and more distinct than the remaining 
groups, depending on the plane of astigmatism. 
The remedy is to supply lenses equally astig¬ 
matic, that is, ground cylindrically and so ori¬ 
entated as to balance the astigmatism of the eye 
and thereby to insure that the light waves pass¬ 
ing through the spectacle-cornea-lens combina¬ 
tion have a tnily spherical form without which 
clear focusing is impossible. 

Hypermetropia (also called hyperopia or 
farsightedness) is characterized by the con¬ 
vergence of the light waves to a focal plane 
which is so far behind the retina that the eve 


is unable to focus on the retina any except di>- 
tant objects. The near point may be too distant to make the reading of ordinari- 
print held at a convenient distance po.ssible. The correction is obviously the ad- 
<!ition of a positive lens of proper strength to give the spectacle-eye combination 
ade<iuate strength to form clear images on the retina of objects held at the 
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normal near point of 25 cm. The nature of the difficulty and of its correction are 
indicated in Fig. 34-8(a). The defect may be caused by either abnormal lens- 
cornea curvatures or by a defect, generally congenital, in the shape of the 
eyeball. 

Myopia, or nearsightedness, is usually the result of a lengthening of the 
eyeball in a fonvard direction due to a weak sclera, but may be due to ab¬ 
normally strong lens or cornea action. As shown in Fig. 34r-8(b) the rays of 
light are brought to a focus in front of the retina unless the object is held 
nearer to the eye than normal or desirable. The correction involves the adding 
of a negative lens. Astigmatism is likely to be an accompaniment of either 



Fk;. 34-9. (a) An opthnlmoscope making use of a concave mirror, (b) A more compact 

type with battery light and prism reflector (Adapted) 

liypcrmetropia or myopia. Diplopia, or double vision, is discussed in the treat¬ 
ment of binocular vision. It may lead to, or result from, squint. If the defect 
is slight it may be corrected by the use of thin prism-lenses (up to 10®); or, 
for slight fleficicncics, dccentering the spectacle lenses may remedy the dif¬ 
ficulty. Incidentally this suggests the great importance of having ordinary 
spectacles properly centered to avoid imposing on the eye the necessity of sup¬ 
plying abnormal convergency due to off-centered spectacles. 

34.10. On the Solution of Problems. It must be kept in mind that whatever 
the kind of spectacles worn, the limitations of the eyes remain the same. If, for 
example, the near point of a man is 40 cm, then whatever he secs distinctly must 
be not closer than 40 cm. If he wishes to hold the object at the normal distance 
of 25 cm, he must use glasses which will produce a virtual image at 40 cm of an 
ol)ject held at 25 cm. One who wears glasses never sees an object directly, but 
only its image, even though he is not conscious of the difference after he has 



THE OPHTIIAUlOSCOrE 


353 


Ih'coiiio aooustoinod to ^lassos. Tlio function of pjlaspos, then, is to place the 
^ II tual iniap;e within the ran<;e to whicli the ('ve is al)le to acconnnodate without 
Ltlasses; they do not change the eyes. In the ease jiiven one may readily compute 
the strength of tlic glasses needed Irom the giaieral lens formula, bearing in 
mind that a virtual image is to be seen, lienee the v value is negative. It fol¬ 
lows: 1 25 — 1 40 rr 1 /. Solving: 1 / = 3/200; or the strength in diopters is 
300 200 = 1.5 dioiUers. 

('onsider the case of a myope who can sec distinctly only those objects which 
are between 10 and 40 cm. How much accommodation has he, and what strength 
of glasses does he require to enable him to see distant objects? The range in ac- 
comnuHlation is: 100 TO - 100 40 = 10 - 2.5 = 7.5 dio|)ters. The strength of 
glasses needed may be calculated from the general formula thus: 1 inf.- 



ITo. 34-10. Morton’s optlmlinoscoiin <('onrfc-\- of P.mi^r-h ;ind bomb Opiicil ('o ) 


1 /40 = 1 / = 0 — 1 40 = —1 40. q'b(* glas>(‘s needetl mu>t hav(‘ a stnaigth of 
— 100 40 = —2..') diopters. Oliviouslv he would be able to s('e virtual images at 
any point between 10 and 40. but out' choo.-'es the po>ition whieli will make use 
of tlu' minimum strength possible for the glasses. What will be tlu' range of 
\-i>iou {)f this same person when wi-aring his glasses? 'I'he glasses merely de- 
<Iu(‘t 2..) diopters Irom the strength oi his eye>, hence his new near point will 
correspond to a strength of 10 - 2.5 = 7.5 diopters. This means that his new 
near point is 100 7.5 — 13.33 cm. Therefore he will be able to see obiect> be- 
twecai this point an«f distant points. 

34.11. The Ophthalmoscope. lo correctly deteruiiiK' the h'nses required iiy 
a patient, the >pecialist nui.-t ha\'e a \'ariety ol te>t in^tniment.^ iiu'oh'ing nian\ 
dilferent lens combination>, but for a vi.Mial examination of the retina an 
ophthahn()>co|ie is es.M-ntial. Many forms of the ophtlialnio>cope have been de- 
\ elojici 1. 1 he t \ pe ."liown in I' m. 34-01 a l niake-^ U'-e ol a simple conca \ r m:i;'a , 
M, to concentrate the liuht on the retina; a lens, L, to form an aerial ima; 

/i , ot the letiiia. L . and an additional len>. //, b\' which the oli-i iAer \ lews 
/i" through a hole in M. In (b) is .'houn a compact typi* which make> u-e of a 
ila.Ti light and retlecting pn.Mu illuminator with .a concaw’ len^ to inaler the 
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converging rays parallel before reaching the observer’s eye. T\Tiatcver the type 
used the view Is g’’eatly improved by dilating the pupil by the use of atropine. 
Some veiy excellent cameras have been developed with which one is able to take 
clear pictures of the retina. 

A photograph of a widely used instrument, !Morton’s ophthalmoscope, is 
shown in Fig. 34—10, 


Problems 


1. Assuming the effective focal length of the cornea-lens combination is 2 cm and 
that a line of newspaper print is made up of letters having a height of 1.3 mm, com¬ 
pute the size of the image of such a letter as “n” on the retina when the page is held 
30 cm from the eye. (Ans. 0.0927 mm) 

2. Using the lens-maker’s formula, 1// = fa — -f l/ZJs), calculate the effec¬ 

tive focal length of the eye lens assuming the refractive index of the lens is 1.42, that 
of the adjacent humors 1.33, and the radii of the lens surfaces are 10.2 and 6.2 mm. 

3. In a similar manner calculate the focal length of the cornea, taking n as 1.33, 
Ri as 8 mm, and assuming the posterior face of the cornea is plane (that is, l //?2 = 0). 
Express the strength of both the cornea and the lens in diopters. (A«s. 2.42 cm; 17.4 
diopters; 41.2 diopters) 

4. Assuming your eyes have a focal length of 2 cm and that the area of the fovea 
giving the greatest detail has a diameter of only 0.5 mm, would you be able to see, 
simultaneously, with your greatest clarity the images of the two eyes of an adult stand¬ 
ing at a distance of 2 m from you? 

5. The near point of A is 80 cm, while the far point of B is 200 cm. Prescribe, in 
diopters, glasses for A such that he would be able to read a book held at 25 cm, and 
for B to enable him to see distant objects distinctly. (Ans. +2.75 diopters; —0.5 
diopter) 

6. Suppo.se that the eye has a cornea-lens combination with an effective focal length 
of 2 cm, and that distant objects arc in focus when the eye is relaxed. How much 
would the lens-retina distance have to be altered to make it possible to see clearly a 
book held at 25 cm—if that were the wav the eve had to accommodate? 

7. If the eyes of a certain myope have a far point of 25 cm and a near point of 10 cm, 
what strength of glasses would enable him to see clearly distant objects? Express in 
diopters his range of accommodation. What is his near point when wearing his glasses; 
{Ans. —4 diopters; range 6 diopters; 16.7 cm) 

8. A myope has a far point of 12.5 cm. Find the strength in diopters of glasses which 
would enable him to see clearly distant objects. Compare the size of the image of the 
print of his book when he is reading without glasses with the image obtained when 


wearing his glasses and reading the book held at 25 cm. 

9. The limits of an eye for distinct vision are 5 cm and 10 cm when using a lens of 
10 cm focus. Calculate the limits without the magnifier, also the range of accommoda¬ 
tion, in diopters. f.4tts. cc to 10 cm; 10 diopters) 

10. The near points of A and B are 15 cm and 60 cm, respectively. Compare the 
lengths of the images of the same objects formed on A's retina with those formed on 
the retina of B when using (a) their unaided eyes, and (b) a simple magnifier having 
a focal length of 3 cm. Compute also the magnification secured by each through the 
use of the lens, and explain whether this is consistent with the results obtained in the 
calculations of (a) and (b). 

11. The near point of a hypermetrope is 75 cm. Prescribe glasses that would enable 
him to read a book held at 25 cm. Would he be able to wear these glasses all the time 
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—that is, would he niso he able to see distant objects through them? (/l/is. +2.67 
diopters; far-point with glasses 75 cm) 

12. A certain hyiiennetrope requires a lens of 1.2 diopters to see even distant objects. 
To what strength must this be increased to enable him to read print held at 40 cm? 
What is the focal length of the combination? What range of accommodation must he 
have if this lens combination, arranged as bi-focals, is to serve him for all distances 
bevond 40 cm? 


13. Place two dark cards on your text so as to form a vertical strip of the printed 
page about 4 cm wide. Keeping the eye fixed on the median line of the strip slowly 
adjust the separation of the cards until you can read across the strip without feeling 
the need to turn the eyeball. From the width of this strip, its distance from the eye, 
and the focal length of the eye calculate the diameter of the “educated” area of your 
fovea. Your speed in reading will depend in part on the width of this strip as it deter¬ 
mines the number of fixations you must make per line. Repeat with the other eye. 

14. Without glasses a father can see clearly only objects beyond 40 cm, while his 
son can see clearly only objects between 50 cm ami 16 cm. Fiml the range of accom¬ 
modation of each. Through what range of distances could each see clearly when using 
a simple magnifier having a focal length of 5 cm? 

15. A test shows that the far point of the right eye of a certain boy is 20 cm while 
that of the left eye is 16 cm, and that his convergence is insufiicient to permit the 
superposition of the images of the two eyes. What lenses would you prescribe to en¬ 
able him to see distinctly distant objects? His glasses will require also a prismatic form. 
Make a top-view sketch showing the arrangement of the prisms. (.4«s. Right, 5 dioj)- 
ters; left, 6.25 diopters). 
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Interference and Diffraction of Light 

While the nature of electromagnetic waves may not be fully understood by 
the student, all the basic principles of wave motion discussed in Chapter 24 
apply to problems having to do with the propagation of ligiit waves. Those 
pertaining to interference and to diffraction of water and of sound waves apply 
equally well to phenomena having to do with light waves. Just as two sound 
waves of equal frequency and amplitude may result in silence if they are in 
opposite phase, it is found that two light waves under like circumstances may 
produce darkness. It is suggested that the student review Chapter 24 before 
continuing, giving particular attention to Fig. 24-4. 

35.1. The Interference of Light Waves. The vibrations of light are far 
more complicated than those of sound and more intangible, because their 
sources have atomic or molecular dimensions and they cannot be controlled 
either as to phase or orientation. Since light waves are transverse, only light 
vibrations in the same plane can exhibit interference. Even if this could be 
arranged neither the phases nor the frequencies of two different sources could 
be matched sufficiently to result in observable interference patterns. All this 
means that, to obtain interference, two rays from the same source must be 
separated and then, after following divergent paths, be brought together on a 
common screen where they may mutually reinforce or destroy each other, in 
whole or in part, depending on tlieir phases. Wliile the basic ideas underlying 
interference and diffraction were advanced by the English physician, Thomas 
Young, in 1801-3, it is to Fresnel, a French engineer, that we owe the major 
experimental work that so convincingly demonstrated the wave nature of light, 
only fifteen years later than the work of Young. His success grew out of his use 
of a single source and his appreciation of the extreme minuteness of the light 
waves. 

One of the two methods he employed made use of the now-famous Fresnel 
bi-prism, illustrated in Fig. 35-1 fa), by which the single source S was made 
virtually a double source through the very slight refraction given by the two 
halves of the prism. Light from these two virtual sources forms interference 
fringes in the region where the two beams overlap. Only the separation of these 
sources, a, and the distance to the screen, R, and the wave length of the light, 
A., have to do with the separation of the interference fringes on the screen. 

To calculate the relation among these factors, consider not the actual wave¬ 
let emitted from S but the two virtual wavelets simultaneously originating at 
.S' and S". At the point P, equidistant from .S' and 8", the wavelets from the two 
sources are in complete agreement in phase, in amplitude, and in plane of vibra- 

356 



THE INTERFERENCE OF LIGHT 357 

tion. Their amplitudes give a resultant amplitude equal to their sum, and the 
screen shows a brightness in keeping with the source. But slightly to either side 
lere is a point D, such that the distance to the farther source is K/2 greater 
than to the nearer source; so that the two wavelets will mutually interfere 
destructively and produce darkness. At a like distance still farther to one side 
the distances to the two sources will differ by a whole wave length as indicated • 
lence the waves will again mutually reinforce and produce a bright line, p' 
Suppose the distance between P and P' on the screen is .r centimeters, and that 



(b) 

Fin. 35-1. Interference p.ntterns of light obtained by means of (.a) .a Fresnel l>i-prbm, 

and (b) a \oung double-slit arrangement 

the other distances involved arc measured in the same units. From the simple 
geometry of the arrangement, assuming the angles to be very small, as will 
necessarily be the case, the following relation holds; 

\/a = x/R or A = ax/R 

There will be reinforcement whenever the two light paths from S' and S" to a 
point on the screen differ by any integral number of wave lengths; and darkness 
when this difference is an odd integral number of half-wave lengths. Light bands 
or fringes are formed on the screen at points P, P% P", and so on, separated 
by equally spaced dark bands. The appearance of an exposed plate showing 
typical Fresnel interference fringes is shown in Fig. 35-2(a). 

The precise measurement of the distances involved in the experiment on 
Ficbnel interference patterns is not so conveniently carried out as in the case of 
the closely related experiment of Young, for which the arrangement is indicated 
in Fig. 35—1(b). (See also Fig. 35—2(b) for pattern obtained photographically.) 
The light pencils passing through the two slits but coming from the single slit 
would not overlap on the screen, assuming rectilinear propagation, except for 
diffraction effects which come into play with slits of such small dimension.--. 
The two pencils actually do spread out in the region between the pair of .-^lits 
and the screen, and so completely overlap that interference fringes are set iqi 
just as in the Fresnel experiment. Indeed, the same algebraic relations hold as 
given above, and the distance, a, between the slits, and the distance R are both 
conveniently measurable with precision. In the laboratory it is the practice to 





35S 


IXTERFERENCE AND DIFFRACTION OF LIGHT 


measure a distance x corresponding to the width of n fringes. In this case the 
relation becomes n\/a = x/R or \ = ax/nR. 

It should be understood that plates such as those shown in Fig. 35-2 cannot 
be obtained except with monochromatic light, since the width of the fringes 
varies directly with A. When white light is employed only the middle fringe is 
of the original whiteness, the side fringes are increasingly colored as the “order” 
of the fringe, that is, the value of n, increases. Soon the overlapping of the fringe 
systems of the different wave lengths becomes so serious that the result is only 
white light. 

Michelson and others have developed methods of dividing a single beam of 
light from a slit or point source into two beams, through the use of half silvered 
mirrors or other devices, and have given them such divergent paths that the 
wave length of the light used could be measured in one of them from the move¬ 
ment of a precision made, calibrated screw. Conversely, precision gauges could 
thereby be checked to a fraction of a wave length of light. The velocities in dif¬ 
ferent media were measured directly and the question as to whether light travels 


(a) 

(b) 



Fig. 35-2. Example of interference fringes cor¬ 
responding to (a) and (b) of Fig. 35-1 


faster in glass, as Newton claimed, or slower as required by the wave theory, 
was by such means definitely and finally settled. 

The methods mentioned above, and others described below, led to the follow¬ 


ing approximate values of the wave lengths of the various colors of light, 
although it must be kept in mind that the name of a color is merely a rough 
descriptive tenn. IMore definite meanings will be presented in the following 
chapter on color and spectra. Red light has a wave length of 0.000067 cm, 
orange 0.000062, yellow 0.000058, green 0.000054, blue 0.000047, and violet 
0.000042 cm. The wave lengths are so minute that they are generally expressed 
in “Angstrom” units. One Angstrom unit is 10'® cm. Tims the wave length 
of the yellow sodium light is 0.00005893 cm or 5893 A {frequently written A). 
They may be given also in microns. One micron (/x) is 10"®m or 10''*cm. A 
glance at these values makes clear the need of using monochromatic light in the 
Fresnel, the Young, or in any other experimental work involving interference 


or diffraction effects, if one expects to get many fringes. 

35.2. Interference Effects in Thin Films. The beautiful colors produced 
in soap films or in oil films on wet surfaces through interference are familiar to 
all. Here one is concerned with the interference between the light reflected by 
the top surface of the film with another portion of the same beam reflected 
from the bottom surface in the manner suggested by Fig. 35-3(a). Here the two 
portions of the same beam which are reflected originate at so nearly the same 
level that it is no longer necessary to use a small source; each part takes care 
of itself. One might expect that, as the thickness of a soap film approaches zero, 
the two portions would agree in phase and the reflected light would show bright 
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ness, but instead, the film jjjrows dark as its thickness approaches zero. This will 
be readily understood when one considers the difference in the conditions of 
reflection at the two surfaces. At the top surface the light is passing into a 
medium in which the speed is less and the portion which is turned back is re¬ 
flected without any change of phase, as was found to be the case in sound re¬ 
flected from the closed end of a resonance tube. On the opposite face of the film 
the light is reflected from an interface beyond wliich it has a greater velocity 
and it is reflected with a change of jduise of 180°, tliat is, with a reversal, just 
as a condensation was reflected from an open end of a tube as a rarefaction. 
1 lierefore tlie unlike types of reflection in themselves introduce a dilYerence of 
A'/2 between the beams reflected from the top and from the bottom of the film, 
where A' is the wave lengtii in the film. If a film thickness sufficient to add a 
further path dilTcrencc of A'/2 were added to the virtual dilYerence due to this 
phase reversal, one then would have a total difference of A', and the two beams 
would mutually reinforce one another and produce a region of light. The thick¬ 
ness required is, of course, only A'/4 since the portion reflected from the lower 
siirface crosses the film twice. Obviously reinforcement would be ol)tained again 
witli a thickness of A' 2 greater, or for a total thickness of 3a'/4, and this would 
be repeated again for 5 aV4, 7aV 4, and so on, indeed for every thickness equal 
to an Oftd number of quarter-wave lengths of the light in the maHuin forming 
the film. (This is analagoiis to the case of a closed organ pipe.) If n is the index 
of refraction of the film, then the wave length of the light in the film is A/h, 
where A is the wave length in air. Therefore the thicknesses giving reinforcement 
are really A/4», 3A/47?, and so on, in any case where the film has an index of 
refraction other tlian 1. For an air film the tliieknesses are A/'4. 3A/4, and so on. 

A lens may be used to bring the interfering portions together, but the lens of 
the eye serves the purpose in the case of visual inspection. Any ]iarticidar thick- 
ne.ss will serve no more than one color perfectly, and other colors will be either 
completely suppressed or weakened. The color showing, assuming the incident 
light is white, is always the efl’ective complementary color of that which is 
blanked out through destructive interference. This means that as the liquid 
between the two surfaces of a film, say a soaj) film held vertically, runs down, 
the film will grow thinner at the top and there will be an accompanying and 
really beautiful play of colors until it becomes so thin that all colors are siip- 
j)ressed and the film blackens, then breaks. 

Michelson and many others have found that tlie iridescent colors of beeth's, 
butterflies, etc., arc due generally to film interference of the sort described rather 
than to any pigment. Recently a method has been developed for |>rodueing. on 
glass plates, films of the particular thickness required to j^roduce the de>irc(I 
color uniformly over the plate. 

35.3. Practical Applications of Air Films. In the pn'ceding section it is 
shown that, when « = 1, the thicknessc's of film which give reinfoj'ccnu nt are 
A '4. 3a/4. 5a/4, and so on. If an ordinary shecd of ])late glass is placed on an¬ 
other and illuminated with sodium light, as indicate<l in Fig. 35-31 h i. the whole 
area will be crossed with yellow bands suggestive of the grain of oak wood, in 
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general neither parallel nor equally spaced. If, however, optically true plates 
are used, the bands will be parallel and equally spaced; this is the test of 
optically true plates. If the two plates are separated very slightly along one 
edge by a thin wedge, the bands will be parallel to this edge, as shown in (c), 
and the value of A can be computed, assuming the thickness of the wedge is 
known, from the width of the bands. Such plates, prepared with great care and 
called ‘‘optical flats,” are regularly used in the preparation of optically true 
surfaces and in the preparation of the polished steel precision gauge blocks. 
Since accuracy to within a fraction of an interference fringe can be attained. 


Fig. 35-3. (a) The two portions of a light 
beam reflected from the two surfaces of a 
film mav show interference effects. Plates 
separated by a very thin air film may show 
interference bands. These are (b) irregular 
if the plates are not perfectly plane, or 
(c) straight and parallel in the case of “op¬ 
tical flats’’ 

(a) (c) 

.it means that agreement to within, say, A/4 or 0.000058/4, or 0.0000145 cm, or 
about a millionth of an inch, can be obtained. This w'ould be impossible by any 
other means. 

The same principle is useful in the preparation of lenses. Suppose a plano¬ 
convex lens of very long focal length be placed on an “optical flat,” as shown in 
Fig. 35-4(a). The tliickness of the air film increases in all radial directions from 
the point of contact, P, which means that the interference bands will be circular 
and of a width decreasing with increasing radial distance from P, and will have 
the appearance indicated in (b) and (c). These rings are known as Newtons 
rings, as they were first observed and reported by him. Their diameter is simply 
related, geometrically, to the radius of curvature of the surface of the lens, 
which may be determined, therefore, from the measurement of the rings. Any 
departure from the circular form supplies a critical test of the trueness of the 
surface of the lens. 

Suppose the lens to be rigidly supported and the plate to be supported 
separately by a precision screw provided with a calibrated and divided head. 
If, now, the plate is lowered one half-wave length, the doubled-back path of 
the light increases by one wave length and each ring moves toward the center 
and occupies the exact position previously occupied by its neighbor toward the 
center. By counting either the number of rings vanishing at the center or the 
number passing any particular point for a known movement of the plate, one is 
able to measure directly the wave length of the light used. Here again one must 
use monochromatic light. 

35.4. Nonrefiecting Films, A basic and very important development has 
taken place in recent years with respect to an application of the interference of 
light reflected from the two surfaces of a film, although the theoretical basis 
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for it has been known since the time of Fresnel. The glare of light reflected from 
the surlaces of sju’ctacles, of shop windows, of lenses, and of mirrors has always 
been troublesome and has greatly interfered with clear vision. Also the loss of 
light in passing through s\ich an in>trument as a microscope, whicli has so many 
lens surlaces in the path, is very considerahle, since at each free surface of 


Fh;. I;i) (>)>tical niranixcincnt nccthal to ])rodurc 

Newtons rinirs. |b) an«l o-t Fxainpic': of Newton's riniis. 
The more nearly lunfeet the eireles the lietter the (inality 
ol the Ions (From Sears, l^rinciftlcs of Fhijsics. Ill Optics, 
courtesy of .Vdilison-Wcsley Press. Inc.) 




each lens there is a fractional loss of light hy reflection, given by the Fresnel 

relation R= { ~7"1V This has a value of 0.043 if the index for glass is 

\a+l/ 

taken as 1.52. It is now obvious that if the glass cotdd he covena] with a film 
of such liiickness tliat tin* reflected light from the two .surfaces would mutiialh’ 
(h‘>truetively interfere, ami if the refha-tions from the two >urfaees could be 
iiiatle of e(iual intensity, tluai no loss by n'lleetion would fake phu-e. The liactioii 
retleeted from the surface between the film and the alas- is .-imilarlv aiveii hv 


n„ - 7i\- 

n. + n) 


, where is the index of tlu* gla-< and a that 


the relation R = 
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of the film. By equating the two values of R and solving for n it is found that 
its value is = 1.23, assuming the value of is 1.52. Among the various 
substances having about the proper value of n are certain transparent fluorides 
which possess also the necessary quality of permanence and toughness. Silica 
itself would be more suitable from the standpoint of these qualities, but it 

an index of refraction of 1.458 which is higher than for the 
glasses generally used. However, Dr. F. H. Nicoll (see references) has found 
that a glass surface exposed directly to the vapor of fluorosilicic acid for a suit¬ 
able period, determined empirically, is etched and left coated with a network of 


pure silica having an effective index of refraction within the accepted range. 
The thickness of this “skeletonized” film increases with the time of treatment, 


also the reflectivity changes, as indicated 


in Fig. 35-5. It will be observed that 



Time of treatment 

Fin. 3.5-5. The percont:is:e re¬ 
flection of light inci(l(‘nt on a 
filni-coatecl glass surface de¬ 
pends critically on the thick- 
ne.ss of the film (Courtesy of 
I'. II. Nicoll, RCA Review, 
Sept,, 1040) 



Fig. 35-6. The left half of the 
instrument glass face is un¬ 
treated. the right half is suita¬ 
bly coated to suppress glare- 
producing reflections (Cour¬ 
tesy of Radio Corporation of 
America) 


the reflectivity is lowest when the color of the film, indicated above the curve, 
is purple. This is as might be expected, since it indicates that its complementary 
color (see Chapter 36), greeni.sh-yelIow, to which the eye is the most sensitive, 
is suppresscfl by interference, hence not \o>t by reflection. The treated glass sur¬ 
face loses, tlierefore, scarcely any of the intensity in the region of tlie spectrum 
to which the eye is sensitive; the loss of a portion of the purple is of little con- 
scfjuence, even an advantage in some respects. 

Obviously it is essential that the method used shall make possible the ac¬ 
curate control of the thickness of the film produced. The Nicoll method has this 
advantage, as well as that of simj)licity. Satisfactory films have been produced 
also by an evaporation process whieh ref|uires a high vacuum teclinique and is 
hardly as subjiad to accurate control. 

It i' inti'H'sting to note that lor a color to be svppre^i.^ed by dev^tructive inter¬ 
ference. the film should he A/4 in thickness, not A '2 as in the case of tlic air film. 
'I'his apparent inconsistency is explained by the fact that in the case of the non- 
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reflecting films of skeletonized silica, the light moves into a medium in which 
the speed is less at each of the two reflecting surfaces; hence there is no change 
in phase at either .surface. The left half of tlie glass face of the instrument shown 
in Lig. 35-6 was left untreated, whereas the right half was given a nonreflecting 
film. Telescopes, microscopes, cameras, in fact practically all types of optical 
instruments are now obtainable with “coated” lenses. Even coated plate glass 
stock and windowglass are procurable. The use of coated glass in airplane in¬ 
struments contributes considerably to safety through the elimination of glare. 
35.5. Diffraction of Light. In the previous discussion of difl'raction of waves, 
in Chapter 24, it was shown that waves do bend into shadows and that the form 
of the wave front can be determined by the Huygens construction. This bending 
of waves around obstacles is known as diffraction and is an extremely im¬ 
portant matter in the field of optics. Ordinarily the effect is not observed since 
most sources of light are so large compared to the wave length of light that the 
patterns of the fringes overlap too much to be observed. However, if the source 
be made a very fine slit and arranged parallel to a precision-made slit, as shown 
in Fig. 35-7{b), one does not obtain a simple light area of the screen limited by 
the geometry of the slit, as one might expect, but a central light area flanked on 
either side by a series of fringes of uniform width but of intensities which de¬ 
crease rapidly with distance from the central band. A jihotographic plate de¬ 
veloped after exposure in the position of the screen is shown in Fig. 35-7fa). 

The mathematical calculations of the width and positions of the fringes arc 
completely verified by the ])hotographs, and a direct physical basis for their 
occurrence may be readily understood from a study of Fig. 35-7(c). Assume 
that the source is .«uffieientlv far from the slit that the wave front across the 
width of the slit may be considered plane. Clearly all parts of the wave striking 
in the region of P will be in phase and there will be a bright central area, though 
not as bright as it would have been had it received the usual contributions from 
the adjacent parts of the wave front, which arc now blocked out. Looked at 
another way, the region about P is below normal intensity due to the light lost 
by difl'raction to the neighboring areas, a loss generally made up by gains from 
adjacent parts of the wave front. Now consider the illumination at a point D 
such that the distance DA = DB — A. This means that the distances DA and 
DB each dilTer from the distance of D from the mid-point of the slit, 0, by a 
half-wave, and that the upper half of the slit area, .40, averages a half-wave 
length clo.scr to the point D than the lower half, OB. Therefore, if one matches, 
point by corresponding point, the effect of points of the upper and lower halves 
of the slit, the entire upper half is neutralized by the lower half, and tlie ))oint I) 
is without light. In other wonls D is the position of a dark space, the fust one to 
either side of the central light ban<l shown in the photograph. Next divide the 
slit into three “zones” and select a point P’ such that its mean distance to each 
successive zone differs by A/2, just as in the previous case. Two of these zones 
will neutralize each other and have zero efl'eet at P'. But the remaining third 
will give a light fringe at P'. Similarly one might go on. For a four-zone arrange- 
nuait a point at 7)' would be dark through destructive intc*rference by j)airs. 
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I'or ;i fivo-zonc position there would be a left-over zone, and a light fringe at 
and so on. An odd number of zones will produce a bright fringe, an even 
number a dark fringe, but the brightness of the fringes will diminish rapidly 
owing to botli obliquity and the narrowing of the widths of the zones, those 


V , 







1' m:. (',' 1 ) DifTr.irfion pattern of a single slit (From Sear~. Principles of Physics, III 

Optu's. (•(ittiie'V of Adilison-WeslfV I’ress. Inc.) (b) J)illraction pattern obtainable with 
a .•^inglc .'lit. (c) The .'.inu* as (b) cxcej)t on a larger scale to show the geometrical 

relations involved 


shown being in the ratios 100:5:1.8:0.91. Thus it is seen that the plate is covered 
with diltraction fringes extending far beyond the geometrical limits of the pro¬ 
jection ot the slit onto the screen or jdate. Note also that all fringes are of equal 
widtli exce|)t for the middle one where the normal position between two fringes 
is fille<l in by tlu' nearly-in-phasc waves from the entire area of the slit. It is, 
therefore, twice as wide and by far the most intense of all. The relative widths 
and (|Ualitatively the relative intensities of the various fringes are shown by 
the curve on the screen. 

From (he geometry of the figure it is seen that the ratio of A to the width of 
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the slit, s, is the same as tliat of the distance between fringes to the distance of 
the screen from the slit, or: \ 's = PD/R = 7)7)'//? or = P'P"/R =■ etc. (only 
approximately true for the grossly exaggerated angles shown, hut strictly true 
for the conditions giving fringes). Both s and DD', as well as FP", and so on, 
can be measured with fair precision by means of a micrometer microscope or a 
traveling microscope, and the distance R directly by a standard scale; hence 
one may deUaiuine the wave length from the diffraction pattern. From the rela¬ 
tion given it is seen that for a particular wave length the width of the diffraction 
fringes varies inversely with the width of the opening and this explains the fact 
that one is not ordinarily aware of them since most openings arc too coarse, 
Also, it follows that with a fixed s and R the width of a fringe varies directly as 
X, hence the fringes for red light arc nearly twice as far apart as those for violet. 
If the source used is not monochromatic, as assumed above, but gives white 
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Fu;. 35-8. fa) Prodnetion of a diffraction by a sharp-cilgcd object, (b) Photographic 

print illustrating (a) tCourtesy of B. W. Chirrie) 

light, then the fringe systems of the various colors overlap and only the fii^t 
one or two minima are really dark, or the first few maxima really white; at an> 
position farther off-centor the color is simply the complementary color of the 

colors that have a dark line at that particular point. 

In more general terms a diffraction effect is really any modification in a 
wave front due to any obstruction encountered by the advancing wave. It ma\ 
he ju'oduced by a wire (piite as readily as by a slit. In fact the shado^\ of a fine 
wire mav have a bright band down its middle, since the distances from this bainl 
to the two edges of the wire are the same, dust outside the geometrical shadow 
of any object there is a border of diffraction fringes due to the fact that the 
obstacle intercepts a jiortion of the wave front which on Huygens principle 
normally wovdd contribute to the advancing wave front. 

The actual location and the intensity variations can be calculated by the 
aiiplication of the half-wave-zone principle to the wave trout just out>ide tlie 
limits of the obstruction, (’onsider the point P in Fig. 35-8. 1 he inlcaisily ol 
light at this jioint is made up of the contributions ol the zoik's on either ^Ide ol 
tlie line O.IP which, in the absence of any obstruction, give it tlu' inleii-ity 
common along the entire undisturbed wave front. If A is so clo^^‘ to .17 I hat 
some of the effective half-wave zones are cut out, then the int('n-ity at the 
point P will be weak or strong depending on whether the mimi>er ol zone- ht - 
tween .1 and the edge of the obstruction, d/, is even or o<ld. It e\'en tlurt' is 
destructive interference aud relative darkness; if odd there will be reinforce- 
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ment and light. The nearer .4 to Mj the greater will be this effect, and the more 
distinct the fringes; since the more central, and therefore the stronger, zones 
become involved. When P is at Q, half of the zones are cut out and, as 
P goes below Q, the strongest zones are cut off and the effect of the remaining 
falls off so rapidly that no distinct fringes appear within the geometrical 
shadow. For objects essentially linear in form, such as slits and wires, the source 
may be a slit, but for objects in general one must use a point source. A diffrac¬ 
tion pattern due to a straight edge, corresponding to Fig. 35-8(a), is given in 


Fig. 35-9. Photographs of a diffraction pattern of a razor blade (From Sears, Principles 

of Phrjsics, III Optics, courtesy of Addison-Wesley Press, Inc.) 

(b). An interesting diffraction pattern is shown in Fig. 35-9. Observe that the 
pattern becomes a checkered one where two edges intersect. Really beautifully 
colored checkered patterns may readily be observed by looking through a silk 
handkerchief or umbrella toward a distant street lamp or the sun, or other con¬ 
centrated strong source. 

35.6. Fresnel Zones. In the treatment of the special case of the slit, given 
above, use was made of half-w^ave zones, but no account Avas taken of more 
than one cross section. However, Fresnel gave the problem a more general 
treatment l)y zones which would take in an extended area of an advancing plane 
wave front, in the manner shown in Fig. 35-10fa). The point P will be illumi¬ 
nated by broad plane waves such as the one represented by a normal plane 
through AR advancing from the left, though the greatest contribution to its in¬ 
tensity will be made by the portion of the wave front about 0. With center P 
and a radius of P + A/2, draw a circle on the plane represented by AB. Draw 
also other circles, each time increasing the radial arm from P by A/2. The front 
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view of such a group of circles would appear as shown in Fig. 35-10 (b). The 
area of the central half-wave zone is which has a value in terms of R and A 
that may be calculated from the right angle triangle having and R as sides, 
thus: ttt^- = 7 r((i 2 + A/2)- — R-) = ir{Rk + k^/4) or irRx since the value of 

is negligible in comparison with R, Similarly one may compute the area of 
the second half-wave zone as it is equal to n ( {R + 2k/2y — R-) — wRk, the 
latter term being the area of the first zone. This likewise reduces to ttRX. In a 
similar manner it may be proved that the area of each zone is the same, hence 
they must grow narrower as they increase in diameter, just as appears to be 
the case in Fig. 35-10 (b). 

Suppose now that one has a circular aperture just large enough to pass the 
central area, only. There will be light at.P due to this half zone, although not 


A \ 



B 2 



(a) (b) 

Fig. 35-10. (a) Illustrating the principle basic to the definition of Fresnel “zones.” 
(b) Front-view of a group of circles defining the Fresnel zones, (c) Diffraction pattern 
taken with a circular aperature covering only two zones. Note the dark center, (d) Same 
as (c) but covering three zones. Note the light center (Courtesy of B. W. Currie) 


at full intensity since the front over this area may vary in phase up to a half¬ 
wave. Next suppose a larger aperture is used and just two zones are passed. 
These two zones differ by just a half-wave on the average and mutually de¬ 
stroy each other, since their areas are, as proved above, exactly the same. 
Hence there is a dark spot at P, as may be verified photographically as shown 
in Fig. 35-10 (c). An aperture covering three zones would give a bright spot 
again at P as shown in (d), but of lowered intensity, since two of the three 
zones have mutually and destructively interfered. It should now be clear that 
the illumination at any point must depend in every case on the number of zones 
normally contributing appreciably to the illumination of the point, which have 
been covered by an obstruction. If the source of illumination is very fine, then 
every edge either surrounding an aperture or marking the optical outline of an 
object will be bordered by a set of diffraction fringes whose width will be 
directly proportional to the wave length. This means that the fringes will be 
colored if white light is used, and fewer will be visible. 

35.7. Miscellaneous Examples of Diffraction. In the case of minute ob¬ 
structions such as fibers, droplets of water in a fog, ice particles in a thin high 
cloud, mist on a window, or of any nature whatsoever, the light waves from 
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the two edges form combination diffraction-interference patterns known as 
coronas and, if the particles are of uniform size, a particular color will be seen 
in a direction making a particular angle with the direct line to the source; 
hence a ring of that color will surround the source. Beautiful circles of color 
are occasionally seen about the line to the moon or to the sun, or on the wind¬ 
shield of a car, even through one’s own spectacles when they happen to be 
covered wdth a mist, perhaps from breathing on them. To produce distinct 
circles, the particles must be of substantially uniform size. Coronas have a 
radius which depends on the size of the particles. Their outermost edge is red; 
the innermost, blue. They are not to be confused with halos which are due to 
refraction through ice crystals in high floating clouds. Their colors are in an 
order which is the reverse of that giyen for coronas, and they occur at definite 
radii, the two most common having radii of 22 and 46 degrees. Coronas are 
put to practical use in the field of medicine in a test for pernicious anemia. 
The uniformity and size of the red blood corpuscles of the blood in a smear on 
a plate may be judged almost instantly by the corona seen under selected and 
fixed conditions. To get the same result by micrometer methods would be ex¬ 
tremely tedious and hardly possible because the blood would change before the 
job could be done. Diffraction patterns have become extremely useful in many 
biological, medical, industrial, and general research problems. Dust, scratches, 
or finger prints on spectacles produce confusing diffraction effects on the retina, 
out of all proportion to their size. Even “motes” in the eye are escorted by 
fringes as they fall. One suffering from glaucoma may see diffraction coronas 
about distant light due to fibers in his lens or cornea. 

35.8. Diffraction Effects in Optical Instruments. One might expect dif¬ 
fraction effects to be unimportant in optical instruments, since the openings 



35-11. The images of two very 
(■l()?^e obiect-])oiiits cannot be re- 
.^olved if their frinse-mnxiina are 
elo-'Cr together than indicated in 

the diagram 


are in general large compared to the apertures 
just described. However, such is not the case, 
for the placing of a lens before a circular 
opening serves to equalize the optical paths 
between an object and its image, whatever 
the diameter of the lens or tlie portion of it 
utilized. Thus all parts of the wave front 
originating at a point in a microscope slide 
and intercepted by the objective arrive at its 
image in phase. Therefore the same funda¬ 
mental relation developed above applies 
when using the lens, with this very fortunate 
advantage: the aperture is now so wide that 


the fringes shrink to vanishing dimensions and are important only when ex¬ 
amining extremely fine particles where high resolution is required. Each point 
on an object has a diffraction pattern of its own. It has been found that if the 
central maximum of tlie fringe system of one point falls no closer than the first 
minimum of tlie fringe system of another point in the object—that is, if the 
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two systems arc no closer than indicated in Fig. 35-11—the points can be seen 
as separate; otherwise they merge into a single point. The relation A/S = fringe- 
wiHth/R ^^as developed above for a slit. For a lens-covered aperture S becomes 
the diametei of the aperture, AB, the radius of the central spot corresponds to 
the fiinge width, and R is necessarily the focal length of the lens (assuming 
incident |)lane waves, otherwise the conjugate focal distance). Due to the 
ciiculai form the polar zones” are somewhat less effective, hence the radius 
of the dark ring is slightly greater than the half-width of the central fringe for 
a slit. By theory it is found that the correction factor is 1.22. Therefore the 
radius of the first dark ring, r, is given by the relation: r/f = \.22\/AB ~ 0, 
where 0 is the minimum angle of resolution. From this it is seen that the 
smaller the A and the greater tlic diameter of the lens, the smaller is the angle 
of minimum resolution. Thus the 200-in. telescope of Mt. Palomar will have 
twice the resolution of the 100-in. telescope on Mt. Wilson and should gatlier 
four times the amount of light. \\ ide-angle lenses on microscopes or cameras 
make for high resolution, hut one will alwavs he held hv the fundamental 

% C- c given—a limitation fixed by the very nature of 

light, rather than by the skill of the instrument maker. 

35.9. Diffraction Grating. Suppose that a very large number of extremely 
fine slits be lormed on a jdate so close together that their diff'raction fi'inges 
overlaj’). Such an arrangement is known as a diffraction grating an<l the typr 
commonly used in a general laboratory may have as many as 15,000 slits per 
inch (See Fig. 51-14(ai ). (leiu'rally the gratings used in laboratories are copies 
of a grating made hy ruling, with a fiiK* diamond, lines on an oi>tically true 
glass or metal plate, ^^*itil such fine openings light spreads out in semi-cylindri- 
cal form from eacli slit, and the common front of the wav(‘lets coming from 
all the slits builds up a new wave front in line with the Huygens principle, in 
the manner suggested in Fig. 35-12(a). If a lens were placed in front of this 
advancing wa^■e. its energy would he concentrated and pass through the focal 
])oint of the lens, whatever the wave length, and the contributions from all the 
slits wovdd 1 k‘ in phase since the optical i)ath fi'om every slit to the focal point 
is the same. One might e(|ually well build the new wave front hy starting at 
the top slit, drawing a tangent to the first wavelet at the next slit, the second 
at the secoial slit, similarly to the third, fourth, and so on. and finally to the 
rUli wavt‘ coming through the ath slit. This wave would advance, of course, in a 
direction <liffer(‘nt from that of the jirincipal axi.s shown and make an angle 0 
with it, determined hy the relation, sin 6 = tiX'ns = A or A = s sin 6. Tn this, 
is the distance between adjacent slits and A is the wave length of the light 
used. .Again, one might form a wave front I)y drawing a tangent to wa\(’]ets 
as iK'fore, hut advancing two waves at a time. The new relation woidd be en¬ 
tirely analogous, that is, 2a = .s* sin This would give a i)right line of the ■\s('c- 
ond order.” Similarly for the third order, 3a = s sin 0.^. 

The grating space, s, is usually indicated on the grating by the maker, and 0 
may be determined by geometrical means, hut more conveniently by the ar- 
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rangement shown in Fig. 35-12(b), which is known as a grating spectrometer. 
It consists of a collimator for rendering the light from the source, S, plane- 
parallel, the grating table, and an observation telescope or camera. The latter 
two are provided with graduated circular arcs for reading the value of 6. The 
usefulness of the arrangement as a spectrometer grows out of the fact that the 
value of sin B varies directly as A, hence for any order of the spectrum except 





Fig. 35-12. (a) Action of a diffraction grating on a system of plane-front light waves, 
(b) Method of using a diffraction grating in the measurement of wave lengths of light 

the “zero” order the waves will be spread out in an order conforming exactly 
to the mathematical relation given. Such a spectrometer is preferred, therefore, 
for most purposes, to the prism spectrometers which are handicapped by the 
unpredictable anomalous dispersion of the glass. Yet prism spectrometers con¬ 
centrate all their light in one spectrum, hence are better for use with weak 
sources. 


Problems 

1. A student in an optics laboratory measured the width of the space covered by five 
fringes of sodium light produced by a Fresnel bi-prism. If the wave length of sodium 
light is 0.0000589 cm and the screen was 100 cm from the virtual sources which were 
1.25 mm apart, what was the width of the space measured? (Atis. 2.356 mm) 

2. A vertical wire frame supports a soap film which has become slightly wedge- 
shaped due to the flow of liquid downward. How much thicker is the film at A than 
it is at a point B above if there are ten sodium light fringes between A and B and if 
the index of refraction of the soap solution is 1.4? 

3. A crack in a block of ice appears red due to the suppression of its complementary 
color which has a wave length of 4000 A. What are the two least thicknesses which 
would make this possible, assuming the crack is filled with air? (A«s. Zero and 0.00002 

cm) . 

4. In order to find its diameter a student placed a glass fiber between the edges ol 
a pair of optical “flat” glass blocks which were in contact along the edge opposite the 
edge enclosing the fiber. If 80 cross-fringes of green light having a wave length o 
0.00005460 cm were seen, what is the diameter of the fiber? 

5. A slit 0.6 mm wide is 120 cm from a screen on which it forms diffraction fringes. 
If the plane-wave light incident on the slit has a wave length of 5890 A, how far 

are the second and the third dark lines on one side of the central fringe? (Ans. O.II'O 
cm) 
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6. A circular hole 0.07 cm in diameter forms circular fringes on a screen at a dis¬ 
tance of 84 cm. Assuming the plane-wave incident light has a wave length of 6600 A, 
nnd the diameter of the first dark ring. 

7. A boy took a pinhole-camera picture of a street scene which included an arc 
(point source) lamp. What was the diameter of the spot on the plate produced by 
the lamp if the pinhole had a diameter of 0.05 cm and the plate was 15 cm from the 
hole, assuming the effective wave length of the light was 6000 A? [Atis. 0.0439 cm) 

8. Repeat the calculations of Problem 7 but substitute for the pinhole a lens having 
a diameter of 1.25 cm and a focal length of 15 cm. By what ratio is the time required 
for exposure changed by substituting the lens for the pinhole? 

9. A beam of plane-wave red calcium light (X = 6438 A) strikes normally a diffrac¬ 
tion grating having 5000 lines per centimeter. How far from the central spot will the 
first-order and the second-order spectra appear on a screen parallel to the grating and 
100 cm in front of it? (A«s. 18°47': 40°5') 

10. If the telescope of diffraction grating has to be turned from the center 0° to 
42° to catch the second order of the sodium line (X = 5893 A), what is the grating space 
and also the number of lines per centimeter of grating width? 

11. Find the minimum angle of resolution of a lens 1.5 cm in diameter if the incident 
light has an effective wave length of 6000 A. {Atis. 0.0000488 radian) 

12. Assuming the arrangement shown in Fig. 35-1, find the wave length of a 
monochromatic ray of light if the maxima of the fringes are 1.2 mm apart on a screen 
which is 2.4 m from the pair of slits, if their center lines are separated by 0.9 mm. 
How far apart would the fringes be if a source of sodium light (5893 A) were substi¬ 
tuted? 

13. Explain how the Young experimental arrangement might be used to distinguish 
between, for example, a monochromatic yellow line source and one giving out a com¬ 
bination of colors which to the eye appears to be the same yellow? Why must the 
source, in either case, as well as the slits be narrow? 

14. A fine wire is stretched down the middle of a precision slit adjusted to give 
equal but very small clearance on either side of the wire. If the strong mercury line 
at 5461 A, isolated by a filter, is given out from a narrow source and if 10 interference 
fringes have a total width of 24 mm on a screen mounted at a distance of 144 cm from 
the wire, find the diameter of the wire. 

15. Inexpensive cameras, particularly tho.se of fixed focus, generally have lenses of 
small diameter. Explain. Compare the suitability for enlargement of a negative taken 
with a camera having a lens diameter of 0.8 cm with one from a camera having a lens 
diameter of 3.2 cm, assuming that in each case the image was in good focus, and using 
the relation 4> = 1.22X/AB. On the same basis justify the modern trend towards smaller 
cameras with lenses of larger diameters, in spite of their greater cost. (.4«s. .\dvantage 
ratio 4:1 in favor of larger lens) 
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In previous chapters frequent references have been made to color. Optical 
instruments in general make use of lenses designed to avoid breaking light into 
its component colors. The matter of color enters into all problems of interfer¬ 
ence and diffraction. The physicist associates color with wave length, but one^s 
judgment as to color depends on the stimulation of particular cone-nerve com¬ 
binations—a physiological, perhaps psychological, matter. In judging a color 
a person is not concerned as to whether the stimulation was due to a single 
color affecting certain nerve endings or to the combined effect of a number of 

colors acting simultaneously or in 
rapid succession, for the effect on con¬ 
sciousness is just the same. His eyes 
cannot analyze a color like ears can 
a sound, into its components. A physi¬ 
cist would hardly pass judgment on 
the color without first passing the light 
through a spectrometer and thereby 
determining just what wave lengths 
are present, and their relative intensi¬ 
ties. Many associate color with es¬ 
thetics, for it plays a very important 
part in many practical fields. One's 
mental health and nervous condition 



Fig. 36-1. (a) Formation of a spectrum 
by means of a prism, (b) Newton’s scheme 
of putting colors together to form white 
light. The action of the reversed prism 
neutralizes that of the first prism 


may depend somewhat on the color of his environment. Besides, birds, fish, 
flowers, animals, and plants at all levels are likely to be noticeably associated 
with matters of color. 

36.1. Production of Color. To the physicist light is but one octave in the 
wide range of frequencies of electromagnetic radiations and, within the one 
octave, the different colors differ little more from each other than the various 
notes in an octave on a piano. When all the frequencies within the octave of 
visible radiation are present in the proportion characteristic of sunlight, one 
judges the light to be white. If this light is passed through a prism, as indicated 
in Fig. 36-1 (a), the deviation varies with the wave length and it is then possible 
to study any particular portion of the continuous spectrum thus spread out 
which may be of interest, and each of the colors is a nearly pure color. If one 
were to remove from the spectrum one particular color, say that which is typi¬ 
cal of sodium light which has a wave length of 5893 A, he would be able to 
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check its wave length with a spectrograph, measure its index of refraction in 
various substances, its absorption in or reflection by any number of materials 
and get definite results. Clean-cut interference and diffraction fringes would 
be obtainable. If, however, one were to use a combination of colors which an 
observer might judge to be the same color, only confusion would result from 
any such physical studies. Even with a prism the purity of the color depends 
upon the width of the source. A prism held in an open beam of sunlight will 
produce only a white spot fringed with color because there is so much over¬ 
lapping in the central portion that white light results. To reduce this, spectros- 
copists use very narrow slits and thereby obtain the brilliance characteristic 
of pure colors. Other methods of securing relatively pure colors depend on 
selective absorption or emission. 

36.2. Synthetic White Light and Colors. Newton was able not only to 
separate white light into its component colors but also to put the colors together 

Fig. 36-2. (a) The various sectors of Newton’s disk 
are painted the colors of the rainbow. When the disk 
is rapidly whirled they are effectively superimposed 
and appear grayish-white. This is due to the per¬ 
sistence of vision of the eye. (b) By means of whirling 
disks two or more colors may be mixed in any pro¬ 
portion 

again by moans of a second and reversed prism in the manner shown in Fig. 
36-1 (b), using either a lens or the eye to superimpose the various parallel rays. 
He was able to carry out the synthesis also within the seeing mechanism itself, 
through presenting to the eye the components of white light in such rapid succes¬ 
sion that the persistence of vision effectively blended the colors received. This 
was accomplished in a simple manner by a device now known as Newton’s 
color disk, shown in Fig. 36-2(a). It consisted of a disk covered with sectors 
of colored cardboard chosen so as to imitate in quantity and quality the colors 
of the spectrum. The distinctiveness of the colors is lost at even low speeds; but 
when the disk is given about twenty or more revolutions per second, the colors 
become perfectly blended into a white that is generally somewhat grayish since 
it is not possible to produce perfectly the components needed. 

Newton’s color disk ofl'ers also a simi)le means of combining any two or 
more colors simply by covering all sectors exce])t those to be coml)incd, with 
black cardboard. However, brighter colors can be obtained by using special 
slotted disks of the colors desired, as indicated in Fig. 36-2{b). An unlimited 
number of hues may be obtained by varying the proportion in whicli the com¬ 
ponents are mixed. Suppose that by means of black sectors the blue of the 
Newton disk were eliminated. On spinning the disk the combination of tlic 
remaining colors on the disk would give the impression of yellow. (’on\’ersely, 
if the yellow were the one covered the remainder would blend into a blue. 
Any two colors which when combined give the effect of wliite light arc called 
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complementary colors whether the combining colors are simple colors or 
composite in nature. An unlimited number of pairs of complementary colors 
are possible, but the following five pairs bear familiar names: 

Complementary’ Colors 

Yellow Orange Green Green-vellow Red 

O V 

Blue Green-blue Purple Violet Blue-green 

The colors reflected from a Newton disk are not pure colors, but the same effect 
can be obtained by mixing pure spectral colors. Referring to Fig. 36-1 (b) if one 
v.'ere to block out by a metal strip one of the spectral colors before recombining 
them, the resulting color on tlie screen or in the eye would be the color comple¬ 
mentary to the one blocked out. A movement of the blocking strip across the 
spectrum would produce a corresponding variation in the nature of the comple¬ 
mentary color. 

36.3. The Addition of Colors. Suppose that one is supplied with three 
projection lanterns, each arranged to throw a circular spot of light on a screen, 
and that each is provided with a filter. Suppose the filter of the first lantern to 
let through the first third of the spectrum; that is, the red-orange (RO) por¬ 
tion. Its spot will be a rich red. Similarly suppose that the second lantern pro¬ 
jects the middle third, or a yellow-green (YG) which will appear a warm green, 
and that the third project a blue-violet (BY) spot. The proposed divisions of 
the spectrum are shown in Fig. 36-3(a). By a suitable arrangement of the lan¬ 
terns the three spots may be made to overlap as shown in (b). From inspection 
it is seen that in the area where the red and green overlap one has all the colors 
making up white except the blue. One would expect the color of this area to 
be the complementary color of blue which, in the table of complementary colors 
given above, is seen to be yellow, and the spot actually appears to be yellow. 
This is not a pure yellow, but contains RO + YG which affect the specialized 
receptors in the retina in exactly the same ratio that a pure yellow would. If 
to tins yellow one adds the blue, which contains BV, then he has the combina¬ 
tion RO + YG + BV = W where W represents white light. The area in which 
the three circles overlap is seen to be white. Similarly, one may combine the 
blue and green, thus, in symbols: BV + GY gives a bluish-green of which the 
complement is red (see table). Again experiment verifies theory for the circle 
opposite this bluish-green area is red, which, when added to the bluish-green 
in the central area produces white, as before. It must be obvious that by vary¬ 
ing the intensity of one of the spots the hue of any area on which it mixes with 
another spot will be affected. Indeed it is found possible to produce through the 
proper manipulation of these three additive primary colors any desired color. 

36.4. The Subtraction of Colors. Suppose that instead of building up colors 
through addition as in the previous paragraph, one were to start with white 
light (W) and were to obtain a desired color through the subtraction of its 
complementary color. This is actually of greater importance than the previous 
case since our daytime and also our night sources of light arc generally white. 
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Therefore if one starts with white light and wishes his necktie to appear blue, 
it will be necessary to subtract the remaining colors thus: W — RO — YG = 
W — (RO + YG) = BV, or the blue primary color mentioned above. Now the 
colors subtracted, RO + YG, together form yellow, and this means that when 
such a yellow is subtracted from white light the remainder is blue. This would 
be deduced also from the table of complementary colors. This composite yellow 
is considered one of the subtractive primary colors. The general scheme for 
the subtraction of colors is given in Fig. 36-3 (c and d). By similar reasoning 
it should be apparent that to get red one would have to subtract the remaining 
two-thirds of the spectrum; that is, RO = W — (YG + BV). But the combina¬ 
tion represented by the quantity in parenthesis gives cyan, hence cyan is an¬ 
other one of the subtractive primary colors. In a similar manner it may be 
shown that the remaining substractive primary color is magenta. By trans¬ 
ferring RO in the last equation to the other side one has 0 (zero) = W — 
(YG + BV + RO) and it is seen that after the three subtractive primary colors 
have been taken away from white nothing remains. This explains the blackness 
of the central spot of the circles combination of Fig. 36-3(d). It is interesting 
to note from this analysis that the addition of any two additive primary colors 
gives a subtractive primary color. 

36.5. Some Practical Applications of the Subtractive Method of Color 
Mixing. Paints, dyes, and stains, in fact all nonluminous colored objects owe 
their colors to the subtraction of their complementary colors from white light 
in the manner described in the preceding paragraph. Suppose one were to mix 
yellow and cyan pigments. In Fig. 35-3(c) it is seen that the yellow suppresses 
the lower part of the spectrum and the cyan the upper, but tliat both yellow 
and cyan supply green, hence the addition of yellow and cyan pigments sliould 
make a green paint. Similarly yellow and magenta should yield red, the only 
part of the spectrum running through both of these subtractive colors. In gen¬ 
eral any pigment added removes any portion of the light present that it is 
capable of absorbing and transmits any for which it is transparent. If a pig¬ 
ment docs anything to the light passing through its grains it subtracts, hence 
colors obtained by the subtractive process tend to be dark and also impure or 
unsaturated since at any interface the incident light, whatever the color, is 
likely to be scattered in part or reflected. In contrast the combination of addi¬ 
tive primary colors tends toward brighter colors and, when all are added 
together, white light results. While any pair of complementary colors will give 
white, any attempt to produce the same pair by the subtractive plan would 
result in black. 

The case of white paint or of white ink is of interest. The liquid medium or 
^‘vehicle” as it is called in white paint is generally linseed oil, a clear liquid 
with little suggestion of color. It contains in suspension such materials as white 
lead, or zinc oxide in the form of fine particles. These, also, are without coloi 
but do possess a high index of refraction. Since the fraction of light reflected 
at any surface increases with the difference in the indices of refraction of the 
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medium and of the particles, the reflectivity is high and the incident white 
light is richly reflected as white. Red is a component of white light and is re* 
fleeted along with the rest, hence would be reflected quite as completely were 
it the only component present in the incident light. This means that a white 
surface is red under red light, green under green light, and so on. The finer the 
particles in suspension the higher the percentage of reflection. But if red paint 
is required then, along with or else instead of the white particles, one must add 
particles which subtract the colors making up the complementary color of red. 
Only red light then is returned to the surface and to the eye, except for some 
of the incident light which may get turned back by surface reflection before* 
being screened out by the pigment. White ink may be used to print or write 
on colored paper since it contains in suspension such a rich supply of colorless 
particles that little or no light ever reaches the dyed paper underneath and re¬ 
turns. Blue ink used on white paper will absorb all the colors not used in the 
composition of the blue, either as it goes to the paper underneath, or on its 
return trip; the white paper merely serves to throw back light which would be 
lost to the eye otherwise. If to blue ink yellow pigment is added then the only 
color which wdll be returned to the eye would be a color to which both pigments 
are transparent. By reference to the subtractive primary colors shown in Fig. 
36-3(c) it may be seen that green is the only color which would escape absorp¬ 
tion by either the one or the other of the two pigments. Thus one finds that 
blue and yellow pigments give a green paint or ink. In strong contrast blue and 
yellow spectral colors form hxj addition white light. 

The general preference for colored pictures and colored scenery is recognized 
by the advertisers in our pictorial magazines. Color printing has reached a high 
degree of perfection and it is now possible to reproduce even the paintings of 
the masters of shade and color with amazing fidelity. Yet in general only three 
subtractive primaries are required. This means that only three printing plates 
covering the picture are required for its reproduction. A detailed account of the 
processes involved in color printing, color projection, and color photography 
in general, cannot be included in the present text but may be found in the vari¬ 
ous books on the subject. Briefly stated such processes involve means of repro¬ 
ducing in both intensity and location on the image the color originally coming 
from the object. By taking simultaneously three photographs through filters, 
one letting through red, another green, and the third blue, three corresponding 
negatives are obtained which have density distributions determined by the 
distributions of these colors in the original object. The image of a red flower 
appears strongly only on the negative receiving light through the red filter, the 
green grass and the leaves of trees register on the negative resulting from light 
passing through the green filter, and similarly the blue sky appears only on 
the negative corresponding to the blue filter. Actually most of the objects in 
any scene have color made up of two or more primary colors and hence appear 
on more than one of the negatives, but generally in unequal intensities. 

From these three negatives are prepared the three plates used in the printing. 
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They are inked with subtractive colors so selected as to leave only the desired 
colors unabsorbed. The plate printing the red flower is inked with magenta. 
But magenta leaves also the blue and violet unabsorbed (see Fig. 36-3(c)). The 
plate resulting from the original green filter is given the subtractive color yel¬ 
low, and this prints the fiower portion also. Its yellow on top of the magenta not 
only adds red to the flower but also removes the blue and purple from the 
magenta first applied, leaving only the original redness of the fiower (see Fig. 
36-3 (d)). The third plate is inked with cyan and leaves its imprint in any area 
where green, blue, or black is required. Obviously any area originally black 
requires all three subtractive inks; but even then the result is unlikely to be 
black since, with the densities of the inks used, complete subtractions are un¬ 
likely to be realized and, anyhow, the boundary limits between the color ranges 
arc indistinct. To complete the job and thereby give sharpness, a fourth plate 



Fio. 36-4. Rotating color-disks make television possible in full color (From White, 

Modern College Physics, D. Van Nostrand Co., Inc.) 


serving only to accentuate the blacks may be provided. In such a case a “four- 
color process” is said to be used. It is suggested that the reader try to explain 
the printing of some of the other colors in a manner analogous to that used 
above in accounting for the production of red, making constant use of Fig. 
36-3 (c and d). 

The explanation given of the process of color printing applies in basic prin¬ 
ciples to the formation of colored transparencies also, to color photography 
generally, and to the projection of colored films, though the additive process 
is sometimes employed. However, the present practical scheme for television in 
true color depends on the additive process. One simply views the same televi¬ 
sion screen through a red, green, and blue-sectored transparent disk rotating at 
such a speed that the eye blends the three primary colors in exactly the same 
way it would if it were looking directly on the scene being televised. The gen¬ 
eral scheme is diagrammatically indicated in Fig. 36-^. In order that the inten¬ 
sity of, say, the red as seen at the receiving end shall correspond to the inten¬ 
sity of the red in the original scene, only the red light from the scene is allowed 
to strike the transmitting unit while the screen is being viewed through a red 
sector. This means that the light reaching the transmitter likewise must pass 
through a red filter in order to make the intensity distribution correspond to 
the actual distribution of red light. Thus one has at both the receiving and 
sending stations sectored disks driven in synchronism at sufficiently high speeds 
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to permit persistence of vision to blank out the interruptions and thereby to 
make possible both continuity in action and natural color values. 

36.6. The Color o£ Objects. In general the color of objects is determined 
on the subtractive basis. Black is black, no matter what the incident light. It 
could mean the result of the removal of the three subtractive colors from white 
light or from colored light incident on the body, or it might mean simply the 
absence of incident light. The color ordinarily ascribed to a body, a red rose 
for example, is simply the color originally present in the incident light which 
escaped being absorbed. It might be relatively pure red or it might be the com¬ 
bination of more than one color. Really it could be a white rose on which only 
red light is falling. This means that the color of a body depends quite as much 
on the incident light as on the materials which subtract colors. In the light of 
a mercury lamp, which emits no red, a rose or dress or tie which in daylight is 
red will be black. The lips, cheeks, finger nails and skin show no glow of life, 
and cosmetics have decidedly negative values. Sodium light is practically pure 
orange-yellow and, like the mercury lamp, gives one a ghastly, most unattrac¬ 
tive coloration. Both these light sources are highly efficient, but they are accept¬ 
able for only factory or highway illumination. All fabrics are dyed with such 
dyes as will leave unabsorbed the desired color, assuming the incident light 
will include the complete spectrum. The effect may be utterly disappointing if 
the incident light is deficient in the color desired. The temperature attained 
by the filament in an incandescent lamp is much below that of the sun, hence 
it is poorer in the blue-violet region. “Daylight” lamp bulbs are made of 
slightly bluish glass which lowers somewhat the colors in the opposite end of 
the spectrum, hence gives a more nearly normal balance. They are greatly pre¬ 
ferred for those parts of a store in w'hich colored ties, dress goods, or any colored 
merchandise is on display. Bluing, added to the family wash, similarly con¬ 
tributes to its final whiteness. 

While one might well hesitate to accept all that has been written on the effect 
of color on the health, as well as on the mind, there is little doubt that some 
effect exists. The “color” of a patient may have an important bearing on the 
diagnosis by his physician. It is considered highly important that the lamp 
over the operating table should give out illumination of daylight quality as the 
surgeon may be influenced in his procedure and in his judgment by the color 
of tissues. 

Chemists make a great deal of use of indicators which are substances which 
change their color, or which may acquire or lose a color with certain changes 
in the solution—a change in hydrogen-ion concentration, for example. A re¬ 
arrangement of the atoms within a molecule may change also the frequency 
response of its electrons in such a way that waves within the visible region are 
absorbed. The solution will then take on the color complementary to that which 
is absorbed. Any chemical change which has an appreciable effect on the range 
of frequencies absorbed therefore will bring about a change in color, or else a 
loss of color should the new region of absorption fall outside the visible range. It 
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is hard to realize how little colored substances may differ from the colorless. 
Were our visible region from 2500 A to 6000 A instead of from 4000 A to 7000 A, 
our lists of clear and of colored substances would be very different. Among 
organic substances which offer practically unlimited variations in molecular 
structure within the same basic category an amazing number of hues may be 
produced. Both in ceramics and in the dyeing of fabrics, the final color may be 
far from the initial color of the enamel, paint, or dye used, as the processing it¬ 
self may alter the atomic and electronic conditions on which absorption depends. 
36.7. Colorimeters and Their Uses. In many branches of chemistry, par¬ 
ticularly in biochemistry, in clinical medicine, and in biology, analyses are 
made which depend primarily on color and, in many 
cases, involved the use of some type of colorimeter. 

Rough estimates of the hemoglobin content of a sample 
of blood may be made by direct comparison of its 
color with standardized papers, or by a visual com¬ 
parison of diluted samples with standard solutions or 
colored rods. Accurate determinations on the basis of 
color, however, involve the use of special instruments 
of which there are two types in wide use. Colorimeters 
of the Duboscq type make use of the optical arrange¬ 
ment shown in Fig. 36-5. Light is reflected upward 
through two parallel tubes, one a standard and the 
other a tube containing the solution to be tested. Each 
tube contains a clear glass plunger which controls the 
depth of the solution through which the light must pass. By observing the 
depth to which the glass plunger must be pushed to obtain a color balance for 
the eye at E and by reference to calibration curves, it is possible to determine 
the hemoglobin content of the blood at once. The setting of the standard, 
shown on the left, may be varied to suit the type of solution to be tested. 
Colorimeters may be used for many tests other than for hemoglobin, in the 

several fields mentioned above and, in fact, wherever the solution to be analyzed 

« 

is clear and colored. Comparisons and, therefore, analyses of higher precision 
can be made better through the use of filters having a color suited to the color 
of the solution under test. Obviously each substance requires its own calibration 
curve. 

There appears to be a definite swing from the use of colorimeters to the em¬ 
ployment of some type of instrument indicating concentrations directly by an 
electrical meter. They virtually eliminate personal errors and arc scarcely 
affected by slight differences in tint. Their indications are reproducible witii an 
accuracy perhaps ten times that realized with the visual types, and analyses 
can be carried out far more rapidly. The “Photclornctcr” shown in Fig. 36-6(a) 
makes use of the optical and electrical systems shown diagrammatically in (b). 
In this T* is a constant-voltage transformer (important) which operates the 
lamp S. Light from S passes through an iris /, and lens L, then through the glass 


To eyepiece 

ii 



Fig. 36-5. Optical sys' 
tern of a Duboscq col 
orimeter. 
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coll C, containing the solution to be studied, through a glass filter F, chosen to 
pass the appropriate color, and finally the light is absorbed by the photo¬ 
electric cell, P. The latter produces a current proportional to the intensity of 
the light and this current is measured on the instrument. A calibration curve 
and the readings of the instrument lead at once to the result of the analysis; 
that is, the concentration in the unknown solution. Color analyses with either 
instrument have the great advantage, in many cases, of not requiring a lengthy 
preliminary chemical treatment nor a lapse of time during wduch changes might 
occur. They can be carried out many times as rapidly as chemical tests on the 
same solution, although in some cases the preparation of samples requires the 



Fig. 30-6. Photolomctcr (Courtc.'V of Central Scientific Co.) 


preliminary use of chemical techniques. The more complete instruments make 
use of gratings to select the exact wave lengths suited to the test being made, 
ratlier than glass filters which admit a wude band of color. 

36.8. Suggested Further Work. In view of the nature of the material of 
tills chapter it is suggested that the student should read treatises dealing with 
color and should take time to work out explanations of the colors of various 
familiar objects. C'olor pliotography and color printing are fascinating subjects 
for study. The last-named book in the list of references, by White, will be founc 
particularly interesting. 


Exercises 

1. In the manner followed in section 36-3, account for the color shown in each of the 
areas overlapped by two colored circles, as shown in Fig. 36-3(b), using the equa i 
of symbols and the list of comjjlementary colors as suggested. 

2. Suppose the orange, (). were eliminated from the RO circle, ^ , 

color of the central area*;* If instead the green were omitted from the YG spot, 
color would the central spot show? Write a short paragraph e.xplaming your line 

reasoning. 
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3. Reversing the procedure of Problem 2, explain how one might secure a yellow 
central area, giving the symbol-equation. Would the yellow have the same hue as that 
shown in Pig. 36-3{b)? Similarly, explain how one might obtain a green-yellow cen¬ 
tral spot. 

4. Since the color of objects viewed in white light is the combination-color of any 
components of the white light which escaped absorption by the material, it follows 
that the symbol equation can be used to show the subtraction of colors just as in the 
above problems it was used in the addition of colors. Following this suggestion, find 
what subtractive primary colors must have been removed from the white sunlight, W, 
by the petals of a rose to leave it with a red color. 

5. Perhaps the best known combination of colors is that of blue and yellow which 
produces green. Account for this effect by means of a symbol-equation representing 
the color-subtractions involved. 

6. Write a paragraph explaining the difference between the red of a white surface 
illuminated by a red light and the red of a surface illuminated by white light, account¬ 
ing for the color in each case. 

7. In a color-photograph of an automobile reproduced in an advertisement carried 
by a popular magazine, the body of the car appears to have a bright green color. 
What colors of inks must have been employed to produce this color? 

8. Explain why more accurate results are obtainable by using a grating or other 
optical method of isolating a particular color for use in a colorimeter than can be 
secured through the use of color filters. 

9. Stores generally provide daylight lamps of the incandescent type for use at 
counters where neckties, or colored dress goods, are sold. Explain how they work. 
What effect has the provision for the daylight quality on the over-all efficiency of the 
lamp? Would your arguments necessarily hold for lamps of the fluorescent type? 


Suggested Readings 

Burton, E. F., Grayson-Smith, H., and Quinlan, F. M., CoUege Physics (Sir Isaac Pit¬ 
man and Sons, Canada^ 1947) 

Doming, H. G., Fundamental Chemistry (.lohn Wiley & Sons, Inc., 1941) 

Gibbs, T. R. P., Jr., Optical Methods of Chemical Analysis (McGraw-Hill Book Co.. 

Inc.’, 1942) 

Sears, F. W., Principles of Physics, III, Optics (Addison-Wesley Press, Inc., 1945) 

Smith, A. W., Elements of Physics, 5th ed. (McGraw-Hill Book Co., Inc., 1948) 

White, H. E., Modern College Physics (D. Van Nostrand Co., Inc., 1948) 
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Spectroscopy 

37.1. Spectroscopes. The principles of a prism spectrometer and of a diffrac¬ 
tion grating spectrometer have been outlined in the preceding chapters. A 
simple prism spectroscope is shown in Fig. 31-8 and a grating spectroscope in 
Fig. 35-12, but these arc more suitable for the use of students in the laboratory 
than for research or analytical work. For qualitative examination of a spectrum 
in the laboratory or in an industrial plant, the direct vision instrument is far 
more convenient. In Fig. 37-1 ta) is shown a view of such an instrument, and in 




(b) 

Fid. .‘>7-1. (a) Direct vi.«ion .=pcctro.?cope tCourtc=y of Bauseh and Lomh Optical Co.). 

(b) Optical system of a direct vision .spectroscope 

(hi a diagram of the oi)tical parts employed. They consist of a series of crown 
and of flint i)risms arranged in line as shown. The angles of prisms arc such 
that th(' total deviations of the light !>y the flint and by the crown prisms arc 
(‘(lual and each neutralizes the other. .\s pointed out in Chapter 31 this moans 
that there will be a great deal more dispersion by the flint prisms than the 
crown can neutralize, owing to the relatively high dispersive power of flint 
glass. An adjustable slit and an eye lens complete the instrument. 

37.2. Spectrographs. For carefid stinly of a spectrum and for the determina¬ 
tion of wave lengths, it is better to obtain a photograt)hic record. The substitu¬ 
tion of a suitable plate holder and chamber for the eyepiece converts the instru¬ 
ment into a spectrograph. The photographs (spectrograms) obtained with such 
an instrument not only reveal the presence of certain lines or bands, but relative 
intensities as well are indicated by the densities of the various spectral lines or 
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regions obtained on the plate. Spectrographs may be of either the prism or the 
grating type. A simple prism spectrograph is shown in Fig. 37-2. If, for example, 
sodium light from a suitable source is concentrated on the slit, S, by a condenser 
lens, it will continue through the collimator, C, be made plane-parallel by the 
lens, Li, pass through the prism, and finally be brought by the second lens, to 
a focus on the photographic plate, VR, at the point Y. Since yellow light 
predominates, little light falls on any other part of the plate and, on develop¬ 
ment, it would probably show only the one line (actually a close pair). Simi¬ 
larly, if a source of pure red light were used the light would be brought to a 
focus at Ry and a source of white light would affect the entire plate from V to 
R. Since the focal length of the lens decreases with the wave length of the light, 
the plate holder must be inclined somewhat. It is sometimes given a slight 
curvature as shown, the angle and the amount of curvature being determined by 
the trial-and-error method. Actually the photographic plates are sensitive 



Fig. 37-2. Simple type of spectrograph with adjustable holder for photographic plates 

(Adapted) 

through a much wider range of wave lengths than the one octave to which the 
eye is limited, but the glass lenses and prism themselves limit the range on the 
ultraviolet side to waves longer than about 3700 A. By using quartz lenses and 
prisms it is possible to photograph the spectrum down to a limit somewhat 
below 2000 A and, by using a reflection concave grating and a vacuum 
chamber, it is possible to dispense with both lenses and prism and thereby to 
lower the short wave limit to perhaps 200 A. Spectrographs in general are pro¬ 
vided with means by which a half dozen or more spectrograms may be obtained 
on a single plate. This makes it possible to record progressive changes in the 
source, to study the effects of variations in the length of exposure, and to pro¬ 
vide on the same plate known comparison spectra from which the wave lengths 
of the lines appearing in an unknown spectrum can be determined from 
measurements made on the plate. 

For precision work such as might be required in a research laboratory or in an 
industrial plant, spectrographs capable of spreading the spectra out to greater 
lengths, and possessing many refinements, are often used. This makes it po.ssibic 
to bring out greater details, that is, to secure higher resolution. For some of the 
simple spectra this might be unimportant; but in the case of an element like 
iron, which has thousands of lines, high resolution is advantageous. As an illus¬ 
tration, a large spectrograph developed by Bausch and Loinb Optical Company, 
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line in the spectrum simply by bringing the line into view by means of the screw 
and then reading the drum. 

The instrument shown in Fig. 37-3(a) may be converted into a monochroma¬ 
tor simply by replacing the eyepiece and its adapter by a suitably mounted exit 
slit. Assuming a white-light source the instrument can be made to supply 
through this slit monochromatic light of any frequency desired. Such an instru¬ 
ment is of use in a large number of experiments in biology where the absorption, 
transmission, or the biological effects of a particular wave are being studied, as 
well as in experiments in physics and in chemistry. 

37.4. Types of Spectra. In the preceding discussions on the action of lenses, 
and on colors, references to spectra have been made without explanation. 
Actually there are four definite types of spectra of which two arc due to 
emission, and two to absorption, as explained below. They are: (a) continuous 
emission spectra, (b) line and band emission spectra, (c) continuous absorption 
spectra, and (d) line and band absorption spectra. The first of these has formed 
the basis of the discussions of light and of optical instruments given in the 
preceding chapters. The most common sources are simply hot bodies such as tlie 
white-hot lamp filaments, carbon arc electrodes, or bodies raised to incan¬ 
descence by the direct action of flames or by other chemical actions. The 
molecules and atoms in such sources are so closely packed and they so greatly 
restrict the motion of each other that all frequencies within a wide range are 
emitted. The relation between intensity of the radiation and the wave length 
for a few dilTcrent temperatures is given in Fig. 22-fi. From this it is seen that 
only a small portion of the energy emitted is given out within the visible range 
of the spectrum. If the incident light has the distribution typical of sunlight 
the light is considered white. If the blue portion is weak, the reds and yellows 
are left relatively strong, hence the sources are said to be “red-hot” or at a 
“yellow heat.” Indeed, those who have to deal frequently with luminous bodies 
may acquire a remarkable ability to judge temperatures bj^ the color quality. 
Whatever the wave length of maximum intensity may be, the radiation emitted 
is said to be continuous. A continuous emission spectrum is shown in Fig. 38-7. 

37.5. Line Emission Spectra. Attention has been called to the necessity of 
having monochromatic light for satisfactory experiments in interference and 
diffraction of light, in contrast to the importance of having white light if colored 
objects are to have their normal appearance. If, through heat or by electrical 
means, sodium vapor is caused to emit light, only yellow is observable with the 
eyes; and when such light is passed into a spectroscope, only a yellow line is 
plainly seen (the few other lines in the visible spectrum arc relatively weak). 
This light is almost a pure yellow and not a combination of waves giving the 
effect of yellow to the eye. This is an example of a line spectrum. The light 
emitted by a mercury vapor lamp is richer than that from sodium, but even in 
this case only a comparatively few discrete frequencies are emitted and its 
spectrum is likewise classified as a line spectrum. In general one obtains a line 
spectrum when the emitter is a gas or vapor, for in such a state the separations 



3S6 


SPECTROSCOPY 


of molecules and atoms are so great that the frequencies characteristic of the 
substances are not altered by the intermolecular and interatomic forces which 
arc so important in the production of the continuous spectra. Electrical dis¬ 
charges in tubes containing gases at low pressures give out spectra characteristic 
of the gas or gases within the tubes. The line emission spectra of helium I and 
of krj'pton for limited ranges of wave lengths are shown in Fig. 37-4. That of 
He I extends throughout the visible range and slightly into the near ultraviolet 
and also the near infrared region. The spectrum shown for kiypton is entirely in 
the infrared region. Each of these elements has of course many lines outside of 
the ranges shown. Note the sharpness of the lines in all regions. Any gas or 
vapor at a sufficiently high temperature will emit a line spectiaim. It should be 
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Fig. 37-4. Line speetra of He I and of Kr I (Courtesy of G. IL Small and U. Petrie) 


understood that the width of a line due to one frequency is fixed mainly by the 
width of the slit, and there will be present as many lines as there are frequencies 
emitted by the source within the region taken, assuming sufficient intensity to 
be recorded. Narrow slits do make higher resolutions possible because they 
reduce overlapping. 

37.6. Continuous Absorption Spectra. Continuous absorption spectra are 
suggestive of the subtractive method of producing colors. It has been shown 
that the removal of any one color or any group of colors will leave a resultant 
color which is complementary to the one removed or to the combination of tie 
colors removed. Obviously if light from an incandescent source were passe 
through a solution, a dye, or a colored solid, the portion w'hich emerged wou 
still give a continuous type of spectrum but altered in any spectral region 
affected by the removal of the colors absorbed. The resultant spectrum is known 
as an absorption spectrum. For example, the light which passes throng 
certain red glass filters will not have any color component other than re 
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present, and the photographic plate will show no darkening except in the region 
corresponding to the red. Didyinium glass, used in goggles by glass blowers, 
shuts out only a narrow region in the yellow section of the spectrum and renders 
valuable service by eliminating the blinding glare of the sodium light emitted 
by highly heated glass, without removing much else. In general, one associates 
continuous absorption spectra with solids and liquids, for reasons basically the 
same as those given in the cases of continuous emission spectra. Examples of 
continuous absorption spectra are given in Fig. 38-7, G and H. 



Sodium vapor 







Incandescent tungsten 
gives v^hite light 
and a continuous 
spectrum 

Incandescent 
sodium vapor 
gives a bright 
line spectrum 

Sodium absorption 
line spectrum 


Gas burner 



Mirror 



Fig. 37-5. Continuous light in passing through sodium vapor loses by absorption the 
same wave lengths as incandescent sodium vapor itself can emit. The spectrum of the 

emerging light shows a corresponding dark line 


37.7. Line Absorption Spectra. In Chapter 25 it was found that a resonance 
tube will pick up from a “white” sound beam, that is, one containing a great 
range of frequences, just those particular frequencies it, itself, is capable of 
emitting. The sound beam is left with a gap in its range due to the loss of the 
particular frequency absorbed by the resonator. A close analogy is found in 
light. If white light is passed through a tube containing sodium vapor kept at 
fair density by the application of heat to the tube, as shown in Fig. 37-5 it is 
found that the spectrum of emerging light is crossed by a dark line at exactly 
that point at which the sodium line would fall were the source a sodium vapor 
lamp. This is but an example of a general principle—that any gas or vapor 
under suitable conditions will absorb exactly the same frequencies it itself is 
capable of emitting, and no other. This is what one would expect on the basis of 
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the quantum theory, introduced in Chapter 22, which holds that each photon of 
light emitted contains a definite quantum of energy given by the product hv. 
According to the theory of atomic structure (see later sections) only certain 
energy states are possible and, if an electronic “jump” from a higher to a lower 
energy state takes place, then the energy released is emitted as a photon. It is 
reasonable, therefore, to expect that if the light passing through a vapor should 
include photons of the same energy, the electronic jump in the atom would be 
reversed, and that the loss of such photons from the white beam would lead to a 
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Fk:. 37-G. Solar spectrum made with the 13 ft spectroheliograph (Courtesy of Mt. 

Wilson Observatory, Pasadena, California) 


dark line in tlie spectrum at the point wdiere such photons othens’ise would 
have fallen. Even if the energy should be re-emitted it would be in a random 
direction and would not fill the gap in the spectrum. Just as in the field of 
sound the agreement of frequencies has to be very exact to produce resonance 
effectively, so in light, the agreement is so close that absorption spectra are 
nearly as useful in the study of wave lengths as are emission spectra. 

37.8. The Solar Spectrum. Wollaston, in 1802, discovered a few dark lines 
crossing the continuous emission spectrum of the sun; and in 1817 Fraunhofer, 
having the advantage of far better optical equipment, was able to count about 
six hundred, a number which with modern equipment and methods has grown to 
about 20,000. Solar conditions are such that the sunlight from the very hot in¬ 
terior of the sun, in passing through its envelope containing the vapors of all the 
substances found in the sun, acquires a richer assortment of absorption losses 
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than one would be able to give light from a terrestrial source. The absorption 
lines in the solar spectrum are known as Fraunhofer lines. To some of the more 


prominent lines Fraunhofer gave the letters A, B, C, D, 
etc., to which references have been made previously. 
The presence of the D line in the solar spectrum proves 
at once that sodium exists in the sun, since the sodium 
emission lines fall at exactly the same position in the 
spectrum. Thus the solar absorption spectrum gives in¬ 
formation as to the constituents of the sun’s atmos¬ 
phere obtainable in no other way, and one element, 
helium, was actually found in the sun before it was dis¬ 
covered on earth. The solar spectrum is given in Fig. 

37-6. 

37.9. The Doppler Effect in Light. The change in 
pitch due to a relative motion of a sounding body and 
a listener, a rise when they are approaching each other, 
a fall for the reverse, is explained in Chapter 24. Dop¬ 
pler predicted the same effect for light, and it was 
observed first by Huggins in 1868. The positions of 
the spectral lines are known with high precision for 
many elements appearing in stellar spectra. If in the 
spectrum of a certain star all lines are found to be 
shifted toward longer wave lengths, it may be con¬ 
cluded definitely that the distance between the earth 
and that star is increasing. A shift to shorter wave 
lengths would indicate an approach. From the change 
in wave length observed and the known velocity of 
light one may calculate the relative velocity respon¬ 
sible for the observed change in wave length. The ob¬ 
served velocities are mostly within the range of from 
10 to 100 miles per second. Double stars, that is close 
pairs of stars revolving about an axis through their 
center of gravity, may be detected through their 
Doppler effect even though they are so far away 
that they cannot be resolved by our best telescopes. 
When one of the pair is approaching and the other 
is receding from the earth, there is a double Doppler 
effect, a shift in each direction, and each original 
spectral line is split into two. An example of a Doppler 
shift is shown in Fig. 37-7. 

37.10. Atomic Spectra. Since the process of emission 
and also that of absorption of light is related to the 



ab.-^orption lines in the 
middle si)eetnnn (of the 
star fi Cassiopeiae) are 
all shifted upward with 
respect to the corre¬ 
sponding emission lines 
of iron shown along each 
edge. The magnitude of 
the disj)lacenient indi¬ 
cates that ^ Cassiojieiae 
was relatively a{)proach- 
ing the earth at a speed 
of 230,000 miles jier hour 
when the photograph 
was taken (C'ourtesy of 
the Dominion .\st roi)hys- 


ical Observatory) 


energy states of the atom, the wave lengths of its spectrum shoidd give sig¬ 
nificant information as to the structure of the atom. Studies have shown that 
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each type of atom has its own assortment of spectral lines and that they are 
distributed throughout the ultraviolet, visible, and infrared regions. Sodium 
has only one very strong line in the visible region, but has many fainter lines 
elsewhere, particularly in the ultraviolet range. The atomic spectra of atoms of 
low atomic weight are in general simpler than the spectra of heavy atoms. 

To the novice the spectral lines may seem to be scattered at random through¬ 
out the range of the spectrum, but even the early experimenters observed an 

apparent order and, in 1885, Balmer actually discovered 
the numerical relationship between the lines of the simple 
hydrogen spectrum. It is as follows; 

lA = -R (w - 

where R, known now as Rydberg’s constant, has a value 
of 109,678; has a value of 2; and may have any integral 
value above 2. The values 3, 4, 5, etc., when substituted in 
the equation for n,, give the wave lengths of the successive 
members of the Balmer series in hydrogen. The limit is 
reached when ng = <». Lyman found that if nj is given the 
value of 1, and given successive higher integral values, 
the wave lengths of another series of hydrogen lines may be 
calculated with exactness, a series falling into the ultra¬ 
violet region. Other series falling into the infrared region 
may be numerically accounted for by giving the value of 
3 (Paschen) or 4 (Brackett) and in each case giving successively higher 
integral values. This relation enables one to calculate the wave lengths of the 
longest and of the shortest wave lengths in any series. For the Balmer senes 
the greatest wave length is given by the relation: 


4861.3A 
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4101.7 


Fig. 37-8. Balmer 
scries for hydro¬ 
gen (Courtesy of 
G. Herzberg) 


from which 


lA = 109,678 (1/22 _ 1/02) 

A = 6563 X 10-® cm = 6563 A 


Similarly, the shortest wave length, or the limit of the series, is given by the 
relation: 


1/A = 109,678 (1/22 _ i/co) = 109,678 (1/4 - 0) 
or A = 3646 A. 

The Balmer series for hydrogen is shown in Fig. 37-8. 

37.11. Molecular Spectra. Early observers discovered the “band” nature 
of molecular spectra but later studies with instruments of greater resolving 
power have shown that bands are really closely packed and regularly spaced 
lines varying in intensity in each band from the hand head, where the absorp¬ 
tion (or emission) is the strongest, down to the tail end of the band. These 
variations within the bands give to them a fluted appearance. The spectra of 
molecules are more complicated than those of atoms because the atoms wit in 
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any molecule may carry out vibrations, and the whole molecule may rotate. 
The studies of the detailed structures of band spectra provide our most fruitful 
source of information as to the actual structure of molecules. 

Both emission band spectra and absorption band spectra 
have to do with molecules in the vapor or in the gaseous 
form. An excellent example of an emission band spectrum 
is given in Fig. 37-9. 

37.12, Bohr’s Theory. Many of the puzzling features of 
spectra in general, particularly of line and of band spectra, 
have been cleared up through the application of Bohr’s 
fundamental tlieory of the atom. In 1913 he suggested that 
the electrons of an atom occupy various “orbits” in which 
they revolve without any emission of radiant energy. They 
do not lose energy gradually and spiral in toward the 
nucleus of the atom, assumed to be very minute, as many 
had supposed. By a comparatively simple calculation in¬ 
volving a balance of the centrifugal and of the electrostatic 
forces and by making certain assumptions which at the 
time appeared to be rather radical he was able to derive 
the following expression for the energy of a particular orbit: 

„ — 2-n^e* 

■ 

where e and m are the charge and mass of the electron, re¬ 
spectively, h is Planck’s constant, and is a characteristic pjg 37.9 Bainl 



integral number associated with a particular orbit. The 
negative sign takes care of the fact that the energy of the 
electron is the greater when it is in the larger of two orbits. 
If an electron should make a sudden jump from this orbit 
to another possible orbit in which its energy is less, then the 


spectruiu of PN 
for the range of 
2300 to 2800 A 
(Courtesy of G. 
Herzberg) 


energy emitted when this transition is made, hv, is given by the relation 



, he ^ „ /2irme* 2Tr^me^\ 

he 27r^me^ (I 1 \ 1 2i^hm^ (I 1 \ 

X “ n2V X “ ch^ n-fi) 


This is identical witli the Balmcr equation if J? = 27r-m€*/ch^ = 109,678. The 
negative sign is used to indicate the fact that the potential energy decreases as 
the value of l/n^ increases. By inserting in this expression the velocity of light, 
for c, and similarly the known values for m, e, and h, it is found that the nu¬ 
merical value of R is precisely that found by Balmer experimentally. Ilis suc¬ 
cess was of great importance since his theory provided a basis on which new 
relationships could be predicted and served to inspire a tremendous amount of 
research work in spectroscopy. As we now see it, an atom does not radiate as 





SPECTROSCOPY 


long as it remains in its normal state. But if, through thermal agitations or 
electronic impacts, or through the action of radiation, the electronic arrange¬ 
ment is disturbed and the atom is brought into an excited state, it then has 
the capacity to radiate. When such an atom returns to its normal state the dif¬ 
ference between the energies of the two states is given up and radiated at such 
frequency that hv is equal to the energy released. An atom "which has lost one 
electron is said to be ionized, and the spectrum of the ion differs from that of 
the neutral atom. It is possible, in the case of such atoms as mercury, to remove 
more than one electron at a time and thereby obtain still different spectra. The 
greater the energy required to ionize an atom, the greater must be the stability 
of the original atom. 

37.13. Spectral Analysis. Since each atom or molecule has its own characteris¬ 
tic spectrum and since no two are alike, it should be obvious that if the lines of 
the spectrum of an unknown substance occupy the positions known to belong to 
copper, for example, then there is copper in the unknown substance. But the 
length of the spectrum provides plenty of "standing room” for other spectra! 
lines at the same time; hence a single plate may reveal the presence of a great 
many substances. The method is extremely useful for detecting the presence 
of minute quantities of a substance, and in addition it is very rapid and sensi¬ 
tive. In fact, a number of elements are so rare that they "were first discovered 
in the spectrum and even classified on the basis of the character of their spectra. 
Originally the method was thought to be useful for only qualitative analyses, 
but recent improvements in both equipment and in technique have led to 
methods of quantitative analysis not only reliable but usable even when only 
mere traces of the substances are present—much too small to be handled with 
even the methods of microchemical analysis. They are used also where chemical 
methods are feasible but too slow. They require no "wet manipulation.” The use 
of spectral analyses based on absorption spectra has been particularly fruit¬ 
ful in organic chemistr>% not only for detecting the presence of certain molecules 
but for detecting changes in molecular structure resulting from chemical 
processes under way. 

37.14. Some Biological and Clinical Applications of Spectral Analysis. 
Organs, tissues, and fluids can be analyzed to detect metals and their distribu¬ 
tions and for any deviations from normal in pathological cases. In the clinic, 
techniques for the spectral examination of the blood, cerebrospinal fluid, gland 
secretions, skin, and excreta have been devised. Carbon monoxide poisoning 
can be detected by spectral analyses of the blood if the carbon monoxide con¬ 
centration is relatively high. The retention of metals after the administration 
of preparations containing them may be studied. The fluorine of teeth or of 
bones can be detected by the calcium fluoride bands, and the problems of 
silicosis due to air-borne dusts may be attacked spectroscopically. The composi¬ 
tions of pharmaceuticals, milk, syrups and other food products can be checked 
by their spectra. In all these cases the quantities present may be extremely 
minute and beyond tlie scope of chemical methods. Concentrations as low as. 
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1 in 100,000,000 can be detected, and as little as 0.01 ml of a solution may suffice 
for a complete spectral analysis. Qualitative tests can be carried out as rapidly 
as one per minute, and quantitative analyses should be well within 5 per cent 
in accuracy. A great advantage is in the permanent record left on the plate as it 
makes possible a re-examination in a search for previously unexpected sub¬ 
stances. 

Absorption spectra yield information as to the production of vitamin D., by 
the action of ultraviolet radiation on sterol, ergosterol, etc., are essential in the 
study of the photosynthesis of chlorophyll, and are useful in proving the 
presence of melanin and of carotene. Fluorescence spectra are used in the 
measurement of riboflavin, and the like. Other applications will be found in 
the next chapter. 

37.15. Sources of Light. For a continuous spectrum a gas-filled, tungsten 
lamp is frequently employed, though the carbon arc offers a nearer approach to 
an energy distribution characteristic of sunlight. By using spectrally pure 
carbon electrodes, with the lower electrode made positive and given a crater 
into which the substance to be tested may be pressed, one is able to secure a 
flaming electric arc. This gives the spectrum of the unknown superimposed on 
that of the plain arc. This method is particularly suitable to substances difficult 
to get into solution or into the form of an electrode. Spectra of substances in 
solution may be secured readily by holding a solution-filled asbestos wick in 
a bunsen or meker flame in the case of easily volatilized materials. A better 
method is to introduce, by means of an atomizer, a spray into the air stream 
leading to the burner, preferably into an acetylene flame. Tlie spark method is 
chosen for some substances, especially if the spectra of the ionized materials are 
desired. It involves the passing of an electric spark between two electrodes of 
which at least one introduces the material to be tested. For the line or band 
emission spectrum of a gas or vapor one may employ an electrical discharge 
tube in which the gas or vapor to be studied is enclosed at a greatly reduced 
pressure. 


Problems 

1. Following the example given in the text calculate the wave lengths of at least 
four of the lines in the Balmer series in the region of the longer waves. Indicate their 
positions along a millimeter scale by means of short vertical lines, properly spaced 
according to their wave lengths. Compare your “spectrum" with that given in Fig. 
37-S. [Arts. X = 0.0000657 cm or 6570 A; 4870 A; 4340 A; and 4100 A) 

2. Calculate the longest and also the shortest wave in each of the Lyman, the 
Paschen, and the Brackett series. (Slide-rule accuracy acceptable.) 

3. The grating of a spectrometer has 6000 lines per centimeter. Assuming the inci¬ 
dent beam of light to he normal to the plane of the grating find the angle between 
the settings for the wave lengths of 7600 A and 4500 A, in the first order. (.4r25. 

or 0.16 radian) 

4. If the focal length of the spectrometer of Problem 3 is 30 cm. what would be the 
approximate length of the spectrum between these two lines? (Suggestion: express 
angle between positions in radians and solve.) 
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5. In the spectrum of Kr I shown in Fig. 37-4 what is the dispersion expressed in 
A-units/mm? Name some advantages and also disadvantages in using high dispersion. 
Actually this spectrum is an enlargement of the original film which showed a disper¬ 
sion of 40 A-units/mm. By what factor was the dispersion increased in the reproduc¬ 
tion of the spectrum? 

6. What is the effective focal length of a grating spectrometer which has a disper¬ 
sion of 40 A-units/mm when using a grating of 6000 lines/cm? Assume the beam of light 
strikes the grating at normal incidence. (Suggestion: represent action of grating by a 
geometrical diagram and use a simple proportion.) 

7. ;Make a study of the solar spectrum given on a reduced scale in Fig. 37-6. List 
the approximate wave lengths of not less than ten of the more intense lines, giving 
letters of identification in case they are indicated. 

8. If a grating has 5000 lin^§/cm what will be the angular spread between the C 
(6563 A) and the D (5893 A) lines of the solar spectrum in the (a) first order, and 
(b) second order. Compare the dispersion for these two orders. 

9. Continuing Problem S find the angular separation of the D and the F (4861 A) 
lines in the first order. The C, D, and F lines are used in defining the dispersive power 
of glasses. Is D really a good approximation to the mean of the C and F lines? (Re¬ 
view Dispersion, Chapter 31). {Ans. and 2®1'; no) 

10. Using one of the results of Problem 8 or 9 and assuming a focal length of 80 
cm find the dispersion in A-units/mm of the spectrometer. (See suggestion of Prob¬ 
lem 4.) 

11. If the second order of the D line (5893) is diffracted at the angle of 36‘'6', find 
the number of lines per centimeter. Assume normal incidence. {Ans. 5000 lines/cm) 

12. Assuming that a beam of parallel sunlight strikes a grating having 6000 lines/cm 
at normal incidence and that the spectral lines are brought to a focus by a lens having 
a focal distance of 1 m, what will be the length of the first order visible spectrum, 
assumed to extend from 4000 A to 7000 A? 

13. Make a list of the different types of spectra mentioned in this text, including 
with each a brief statement as to the condition under which it is obtained, and giving 
the number of any figure in this text which provides an example of the type. 
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Infrared, Ultraviolet, and Fluorescent 
Radiations 


Attention has been called to the great range in the wave lengths of the electro¬ 
magnetic radiations which are of practical use to man. Only one octave of these 
can be utilized directly by the eye, the waves of 4000 to 7000 A in length. The 
infrared radiations extend from 7000 A up to a rather indefinite value, since 
there is no longer any gap between the infrared region and the region of ultra- 
high frequencies produced by electronic circuits. However there is hardly one 
octave above the limit of the visible region in which the radiations are trans¬ 
mitted to an appreciable degree by the human flesh. Likewise, the ultraviolet 
ranging from 4000 A downward until it meets the upper range of x-rays has 
little to do with the matter of health except for the first octave which includes 
all that the skin is capable of transmitting and, incidentally, all that the atmos¬ 
phere itself can let through from the sun. The variation with wave length of the 
radiant energy reaching the earth from the sun, as well as the portion of ultra¬ 
violet radiation cut off by the atmosphere, is shown diagrammatically in 
Fig. 38-1. In addition information as to the transmission of the various regions 
is included. 

38,1. Sources of Infrared Radiations. Only that portion of the infrared 
region to which the body tissues are reasonably transparent is to be considered 
in the present treatment. The rays in this region are the so-called near infrared. 
From Fig. 38-1 it may be seen that this region extends from 7000 to 14,000 A. 
As may be judged from Fig. 38-2 the body is not uniformly transparent 
throughout this region since it includes several absorption bands for water. 
The transparency of the flesh to even visible red light may be demonstrated by 
enclosing a strong lamp in the hollow of the hands or, more strikingly, by en¬ 
closing a lighted automobile headlight bulb in the closed mouth, preferably in 
a darkened room. 

The sun is our most useful and potent source of infrared radiation as well as 
of visible radiation. As will be seen in Fig. 38-1 its maximum of intensity falls 
in the visible region, but a large portion of its energy is given out in the near- 
infrared region. As will be seen from the distribution curves shown in Fig. 22-0, 
only the lamps operating at very high temperatures, say above 2400^K, have 
their wave length of maximum emission within the near-infrared region. By 
using Wien’s displacement law (see Chapter 22) one may readily calculate the 


value of A 


max 


for a commercial infrared lamp operating at low “red tem])cra- 
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ture”, say 1200®K, from the equation x 1200 = 0.2885. By solving for 
one obtains the value 0.0002404 cm or 24,040 A, which is 10,000 Angstrom units 



Fig. 38-1. The radiant energy reaching the earth from the sun varies greatly with the 
wave length. Much of the ultraviolet component is lost through absorption by the at¬ 
mosphere (After Luckiesh, Applications of Germicidal, Erythemal and Infrared Energy, 

D. Van Nostrand Co., Inc.) 
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Fig. 38-2. Variation with wave length in the absorption of radiant ener^' by the body 
tissues and by other substanees (After Luekie.sh, Applications of Germicidal, Erythemal 

and Infrared Energy, D. Van Nostrand Co., Inc.) 


above the limit transmitted by bodily flesh. Unfortunately many physicians and 
others are misled by the color and give preference to lamps which look red but 
actually have only a fraction of the efficiency of an ordinary, gas-filled m- 
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candescent lamp, even ignoring the visible radiation for which there may be 
no particular need but which, nevertheless, does contribute to the heating effect. 
In contrast the many industrial users of infrared radiation, almost without ex¬ 
ception, make use of lamps which operate at the highest practicable tempera¬ 
tures. Luckeish reports that a 500-watt tungsten lamp at 2900°K emits 53 per 
cent of its energy within the range from 6000 to 16,000 A, while a carbon fila¬ 
ment lamp operating at 2090°K emits only 20 per cent within this range. Those 
operating at a dull red color yield much less, and a nonluminous infrared 
radiator may yield only 1.3 per cent. There is practically no radiation from a 
steam radiator or from a hot water bottle within this range. The latter are 
widely used but are as deceptive as they are troublesome and often painful to 


100 


50 


5000 10,000 15,000 20,000 25,000 A 

Fig, 38-3. Distribution with wave length of the energy given out by various sources 
of infrared radiation. Note that only those operating at high temperatures emit much 
radiation in the regions transmitted by the flesh. “Red” emitters are relatively of little 
therapeutic use. The distributions shown represent: A, photoflood lamp—3360®K; B, 
standard 500°\V \amp —29r)0°K; C, infrared industrial lamii—2500°K: D, infrared 
heater lamii—2000®K; E, infrared lamji—r200®K; and F, nichrome heater coil— 

700®K (Adapted from report by C. E. Egeler, courtesy of General Electric Co.) 

use, for they heat by contact with the surface and the tissues below receive 
heat only through conduction, just as is true in the case of relatively low- 
temperature lamps. Conduction takes place effectively in such poor conductors 
only with high gradients, and high temperatures are intolerable to the skin. 

The effectiveness of different types of lamps and heaters is indicated in 
Fig. 38-3 on the basis of a technical report by C. E. Egeler (General Electric 
Company) but with modifications. After a study of this diagram one would 
hardly select a low temperature source of infrared radiation. In situations which 
make it desirable to reduce the visible light emitted it is possible to screen a 
high temperature source with a glass ■which will remove most of the visible light 
without materially lessening the infrared component of the radiation. 

38,2. Medical Applications of Infrared Radiation. Since infrared radia¬ 
tions have long wave lengths, the frequencies of vibration are low compared to 
those of the visible radiations and very low in relation to those in the ultraviolet 
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region. This means that the energy of each photon, hv, is correspondingly low 
and explains the fact that such radiations have extremely weak chemical and 
photoelectric effects. They are essentially heat radiations and are quite as harm¬ 
less as those from a stove or a steam radiator. They penetrate the body to a 
depth of an inch or more and so distribute their heat through a considerable 
volume of flesh, in contrast with the radiations from low temperature sources 
which are absorbed practically within the depth of the skin where they may 
cause unpleasant reactions without accomplishing any very useful results. The 
near infrared radiations cause the dilatation of the blood vessels and thereby 
permit an increased flow to the part irradiated. Infrared radiations seem par¬ 
ticularly effective in cases of neuritis, arthritis, sciatica, circulatory diseases, 
some types of paralysis, and traumatic lesions such as sprains, contusions, dis¬ 
locations and fractures, as well as for many of the “aches.” They should be used 
with caution on individuals under anesthesia or on paralyzed parts, since the 
judgment of the patient is needed to prevent burning. Banks of lamps are par¬ 
ticularly effective in producing artificial fevers. 

38.3. Other Applications. Industrial uses of infrared radiations are increas¬ 
ing rapidly due to the quickness with which their energy reaches all parts of 
tlie object to be heated; the penetration of the radiation into the body of 
enamels, of foods, and of many industrial products; and the instant control 
afforded. Through their use the drying time for enamels can be reduced from 
12 hr to 15 min. Armatures can be baked-in in one-twentieth the time required 
formerly with convection ovens, and aircraft parts can be finished in 6 min in¬ 
stead of 40 min. Automobile and trailer bodies can be finished in about one- 
fortieth the time formerly required, an important matter for such bulky 
products. 

The dehydration of foods, not only from the garden but grains from fields, 
may he quickly and efficiently brought about by the use of infrared radiations. 
Many products are saved for use which otherwise would be lost by deteriora¬ 
tion in quality through slowness in drying. The infrared drying may prevent 
loss by heat resulting from fermentation also. AVheat-germ products may be 
given keeping qualities by radiation, and fruits, fish, meats, and the like may 
be dried not only quickly but without loss of the intangible qualities and the 
color which one associates with fresh foods. 

In both medical and practical uses of any type of radiation it is important 
to keep in mind the cosine law of intensities. Rays striking at 30° off-normal 
incidence arc only 87 per cent as effective as when normal, and only 50 per cent 
at an angle of 60°. 

38.4. The Use of Infrared Radiations in Direct Vision and in Photog¬ 
raphy. Althougli the practical limit of the eye is about 7000 A, it is possible to 
use radiations of longer wave length by forming images on a fluorescent screen 
of a special type. Since the radiations emitted from such screens fall within the 
visible range, the eye can make use of images which, except for this effect, 
would be invisible. For example infrared radiations may be focused on a cesium 
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oxide screen which will emit electrons in proportion to intensity variations over 
the screen. These electrons may be given added energy and focused on a fluo¬ 
rescent screen in the manner employed in an electron microscope and the bright 



Fig. 3&-4. Ultraviolet and infrared telescope employing an electron-image tube (From 

White, Modern College Physics, D. Van Nostrand Co., Inc.) 


images thereby produced may be viewed by the eye or even photographed. 
Through utilizing the energy given to the electrons by the power circuits the 
image may be made brighter than the object itself. One type of infrared tele¬ 
scope is shown in Fig. 38-4. Infrared de¬ 
vices played an important part during 
the recent war in detecting raiding parties 
of the enemy at night, seeing through 
fogs, clouds, and haze. Such uses are 
based on the fact that infrared light is 
scattered comparatively little since scat¬ 
tering varies inversely as the fourth 
power of the wave length. This means 
that infrared rays of 12,000 A will be 
scattered only one-sixtccntli as much as 
the visible light in tlie region of 6000 A. 

Tlie development of films sensitive to 
the infrared has greatly extended the 
practical usefulness of infrared radia¬ 
tions, as well as widened the range of 
spectrum analysis. Infrared photographs 
of veins arc especially striking and may 
be useful in the diagnosis of diseases 
affecting the veins, as might be inferred 
from Fig. 38-5. They have been used 
to study the modified network of veins 
surrounding cancer tumors and should 
be taken and studied prior to treatment 
or oi)eration. Many physiological gross specimens show important details 
when photograjihed with radiations limited l)y filters to the infrared n'gion. 

Infrared photographs of clean-shaven men sliow stubblv beards for both 

% 

negroes and whites, and the photographs of the two are equally “white.” This 



Fig. 38-5. Infrared photograph of the 
veins of a leg. Note the areas of vari¬ 
cose veins (Courtesy of Leo C. Mas- 

sopust) 
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would indicate that the reflection extends to layers deeper than the pigment 
which is apparently not opaque to these radiations. Infrared photographs of 
landscapes arc particularly striking and also useful. Infrared spectrographs 
have made possible the study of the molecular structure of many large and 
complex molecules. Such instruments may make use of either plates sensitive 
to the infrared or thermopiles which can be moved through the infrared region 
and made to give automatically a curve showing the presence of lines of bands 
as well as their relative intensities. 

38.5. Sources of Ultraviolet Radiations. The sun is the most important 
source also of our ultraviolet radiation but, under modern living conditions, 
it is utilized very indirectly by many people. Artificial sources include open 
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Fig. 38-6. An ultraviolet lamp (General Electric, Type RS) suitable for use m t e 
home (Luckiesh, Applications of Oermicidal. Erythewal and Infrared Energy, D. van 

Nostrand Co., Inc.) 

arcs between electrodes of carbon or iron or of other materials, enclosed mer¬ 
cury vapor arcs and other gaseous electrical discharge tubes. Also, incandescent 
tungsten lamps enclosed in bulbs made of a glass that transmits the ultraviolet 
component have become commercially available. Fig. 3S-6 shows a type RS 
lamp (supplied by the General Electric Company) adapted to home use. It is 
strong enough to sujiply as much as is needed without involving any hazards. 

The open arc depends greatly on the nature of the electrodes. An arc between 
iron electrodes may be fifty times as rich in ultraviolet radiations as one be¬ 
tween carbon electrodes, although the latter is more suitable for practical uses. 
Even the radiations from carbon arcs depend upon the metallic salts introduce 
into the cores of the carbons tiiat arc manufactured for tlicrapeutic use. For 
medical purposes the mercury arc in quartz is generally employed as it is free 
from the fumes which arc given off from open arcs and is far more constan 
in output. Moreover, the intensity of its radiation in the middle ultraviolet re- 
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gion is so groat that only short exposures are required. This is an advantage 
of considerable jiractical value. Typical spectra from various sources under 
various conditions are shown in Fig. 38-7. It will he observed that the energy 
of the mercury arc is emitted at certain definite and well separated frefjuencies. 
This fortunate circumstance makes it possible to isolate, by means of suitable 
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filters, definite frequencies and thereby to determine exiierimentally the fre- 
(lueiieies most effective for various uses. 

38.6. Transmission and Reflection of Ultraviolet Light. Tlie extreme 
ultraviolet radiations from the sun are entirely absorbed and the middle ultra¬ 
violet is largely so in the upper layers of the earth's atmosjihere. Waves shorter 
than 1850 A jnoduce ozone from tlu' oxygcai of the atmosphere ami the ozone 
absorbs the region up to 3100 A, strongly. Fven above this limit there aia* ab¬ 
sorption bands which limit further the radiation transmitt(*d. Actually the 
maximum energy recedved from the sun falls at 0000 A rather than at 4000 .\ 
where it should as a black liody at its known temjieratiire. 'fhe absorption of 
these radiations along with cosmic radiation in the upper layets of tin* atinos- 
phi'ii* results in a very high state of ionization. This is a matter of ba-ic im¬ 
portance in radio communications. 

The dust in the air near cities and in drv countries so inereast’s the extinction 
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in the region from 2500 to 3100 A that the sunlight reaching the earth may be 
definitely deficient in this component. Indeed, scarcely any radiations having 
wave lengths shorter than 2900 A are received even at midday in the summer 
season. At a height of 4500 m the limit is about 2800 A. In the wintertime when 
there is greater smoke contamination and when the rays are more oblique the 
amount of radiation in the middle ultraviolet received from the sun is definitely 
inadequate. In this season, also, people are indoors a greater portion of the 
time and, when outdoors, wear a more complete covering of clothing. Ultra¬ 
violet radiations are more highly scattered than the visible, hence a consider¬ 
able portion of ultraviolet radiation is received from the sky by scattering 
rather than from the sun directly. In fact, unless the elevation of the sun is 



Fifi. Variation in the intensity of the erythemally effective ultraviolet radiation 

roarhins a horizontal surface from the sun and the sky over a two-year period (After 
Luckiesh, Applications of Germicidal, Erythemal and Infrared Energy, D. Van Nos¬ 
trand Co., Inc.) 

70"* or more, the ultraviolet intensity of the sky radiation is greater than that 
from the sun itself; at 20° it is eight times as intense. One can be sunburned 
directly from the sky component alone, especially if this component is re¬ 
enforced by reflection from snow or water surfaces. The variation in the inten¬ 
sity of the erythemally effective ultraviolet radiation reaching a horizontal sur¬ 
face from the sun and the entire sky for each week during a two-year period 
i.s shown in Fig. 38-8. 

Ordinary soda glass of commercial thickness absorbs waves shorter than 
about 3300 A, pyrex goes down to nearly 2900 A, but the transmission near these 
limits is for all practical purposes negligible. This means that even bright sun¬ 
light which has passed through a window of ordinary glass is devoid of the 
ultraviolet component on which health so greatly depends. This absorption by 
glass may be useful since it offers a convenient means of protecting the eyes of 
both the doctor and the patient in ultraviolet therapy, as well as the eyes of 
glass blowers, arc-welders and any others having to do with sources of ultra- 
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violet radiations. Aviators, mountaineers, inhabitants of polar regions, in fact 
all who are likely to receive light from snow or water surfaces, should wear 
goggles. Quartz was long the only suitable material for use in plate or bulb 
form for the transmission of the ultraviolet radiation in the 2500 to 3000 A 
range, but in recent years a number of special glasses have been developed 
which transmit satisfactorily in selected portions of this range and which ex¬ 
clude other ranges. This has greatly simplified the matter of making commer¬ 
cially available ultraviolet sources suitable for use in the home. 

The human skin transmits both the visible and the infrared radiations quite 
well, but the ultraviolet to a depth of the order of one millimeter more or less, 
depending on the skin and on its condition. The penetration is even less for 
dark-skinned people, as the pigments in such skins arc nature’s provision 
against the over-exposures to ultraviolet radiations which people living in 
tropical regions would otherwise suffer. Blondes are quite susceptible to burns 
due to the small quantity of pigment in their skins. The tan which some acquire 
on exposure represents another provision of nature against overexposure to 
ultraviolet radiations. Silk and thin white clothing transmit these radiations 
reasonably well, but ordinary winter clothing does not. 

The reflectivity of silver is 94 per cent in the visible region, but it is a poor 
reflector in the ultraviolet region where aluminum and chromium, reflecting 
about 80 per cent, do much better than silver. Likewise for paints: zinc oxide, 
flat whites and white Duco, so highly reflective to visible radiations, are almost 
dead in the ultraviolet region where aluminum and white lead paints are satis¬ 
factory. White cotton, paper, and linen reflect these radiations several times 
as strongly as docs wool or silk. 

38.7. Physical and Chemical Effects, and Applications of Ultraviolet 
Light. The absorption of ultraviolet radiations leads to either tlic ejection 
of electrons or the elevation of them to higher energy levels, on a one-to-one 
basis, in general, although in some cases the emission of energy is in stages, 
and more than one photon may be emitted. This means that if a quantum of 
energy is absorbed there will be some effect, one quantum to one molecule, and 
if it is not absorbed, nothing happens. It does not mean that all photons ab¬ 
sorbed in a substance produce the same change. The conductivities of heat and 
of electricity by gases and many liquids and solids arc increased on exposure 
to ultraviolet radiation. The chemical properties of atoms depend on electronic 
arrangements and energies; hence an activated atom may be subject to new 
reactions, and new compounds may be formed. As examples: ultraviolet radia¬ 
tions are found to decompose alcohols, aldehydes, organic acids; and to cause 
polymerizations, oxidations, and syntheses. Cyanogen is completely oxidized to 
CO 2 and and ozone; HoO^ and NO are produced abundantly in this radia¬ 
tion. The higher energy values of the quanta in this radiation make it much 
more effective photoelectrically than visible light, as well as in producing phos¬ 
phorescence and fluorescence. During the war messages were flashed with ultra¬ 
violet radiation in order to insure that they would be received only by those 
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equipped with telescopes provided with fluorescent screens. Many important 
tests for minerals, chemicals, and organic substances depend upon the fluores¬ 
cence due to ultraviolet radiations. These radiations make possible quick tests 
of paints, varnishes, dyes, inks, paper, and textiles, and also of the genuineness 
of precious stones, pearls, paintings and documents. 

38,8. Biological Effects of Ultraviolet Radiations. Such radiations may 
cause the disintegration of complex molecules and lead to important chemical 
changes. They may energize atoms which, through the processes of phosphores¬ 
cence or fluorescence, wliether the radiations are visible or not, may cause the 
disintegration of neighboring molecules and make possible chemical changes 
which cannot be brought about by other means. There are many cases of such 
photo action but the best known has to do with the production of vitamin D 
through the irradiation of various food materials and of substances produced 
within the bodies of animals. It is generally understood that without the pres¬ 
ence of this vitamin in the body the metabolism of calcium and of phosphorus 
is inadequate, and the bodies of humans and of lower animals develop rickets. 
It is known that there is produced in the skin a derivative of cholesterol called 
7-dehydrocholestcrol which is a precursor of vitamin D, that is, a provitamin D. 
It is found that, when this substance is irradiated with ultraviolet having wave 
lengths in the region of 2800 A, vitamin D is formed and becomes absorbed 
in the blood stream. Other work has shown that when ergosterol, obtainable 
from various sources such as rye and yeast, is irradiated with the same range 
of wave lengths a very potent vitamin is produced. A body adequately ex¬ 
posed to ultraviolet radiation of the range indicated is thus seen to provide its 
own vitamin D; but in the lack of such radiation the requirement may be met 
by the intake of vitamin D produced by the irradiation of certain food mate¬ 
rials or made and stored in the bodies of certain other animals, for example in 
the livers of codfish. Concentrates of vitamin D are now available in capsules 
commerciallv. 

Tlie absorption curves for the two provitamin D substances mentioned are 
shown in Fig. 38-9. The two curves show definite maxima at 2800 A and indi¬ 
cate a common or similar energy state and composition for these two sub¬ 
stances. The characteristics of these curves are so definite that an unknown 
•sub-stance may be tested for the presence of these provitamins by a spectro- 
graphic examination of its absorption curve. 

It is generally observed that the exposure of the bare skin to the ultraviolet 
radiation from the sun, sufficient to produce an adequate supply of vitamin D, 
is likely to be accompanied by an erythema followed by tan. Indeed many seem 
to hold the tan as the chief objective of exposure to the sun rather than as a 
mere index of the amount of radiation received. The erythema denotes a dila¬ 
tion of blood vessels due to some substance produced by the radiation. Actually 
the tan is due to a pigment, deposited in the skin, which offers protection 
against overexposure and individuals vary far more in their erythemal response 
than in their need of vitamin D. The erythemal effectiveness of the different 
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wave lengths is indicated by curve A in Fig, 38-9, It may be seen that there 
is a drop in the erythema! effect in the region of maximum absorption by the 
provitamins D, This offers an unusually fine example of a basic principle, that 
there can be no change without the expenditure of energy. Since the provitamins 
absorb strongly in the region of 2800 A it means that the layer containing them 
is opaque to these rays. The mini¬ 
mum in the erythemal effect in the 
same region is thus fully accounted 
for; and, incidentally, it is estab¬ 
lished tliat the layer containing the 
provitamin D must lie above that in 
which the erythema effect is pro¬ 
duced, This conclusion is supported 
by other evidence. Before the spec- 
trographic evidence was available 
animal experimentation had pointed 
to 2800 A as the region possessing the absorption curves of bi- 

maximum antirachitic effect. ‘’'‘’“‘‘'f! ‘'''S'”" i'«>fated 

TTix • 1 i. 1 - ,• (Aciaptecl from various sources) 

Ultraviolet radiations may cause 

the coagulation of eggwhite and, in living tissues, cell protoplasm may be 
coagulated or rendered insoluble. A strong source may so alter the character 
of the cornea of the eye and even the front surface of the lens as to result in 
permanent injury, particularly in the case of children whose eyes are more 
transparent to these radiations. Such radiations may cause conjunctivitis and 
are responsible for snow-blindness. 

38.9. The Bactericidal Action of Ultraviolet Radiations. This is espe¬ 
cially marked and important as bacteria generally are completely penetrated 
and, in most cases, instantly killed, although old cells are less vulnerable. Tests 
prove that the bactericidal effect varies inversely as the square of the distance 
from the source, thus proving it to be proportional to the intensity of the radia¬ 
tion. If a continuous spectrum is thrown on an infected agar-agar plate no 
colonies will develop in that part of the ultraviolet spectrum centering about 
the wave length 2537 A, though a considerable bactericidal effect is observable 
up to, say, 3000 A as indicated by the curve B, in Fig. 38-9. Spectroscopically 
the bactericidal effect closely parallels the absorption by proteins and by nucleic 
acid. It is now believed by some that the lethal effect on bacteria is dependent 
on the energy absorbed no matter what the wave length. The effect, therefore, 
depends on both hv and the probability of being absorbed but not on the time 
involved; no change in effect is noticed by using half the intensity for twice 
the time. Ultraviolet radiations have been used to sterilize on a large scale 
liquids and containers, and have found wide use in the treatment of infected 
wounds. Recently their application has considerably widened through the intro¬ 
duction, by means of quartz rods, of ultraviolet radiations into body cavities. 

_ V 

The action seems to be direct and cannot be a temperature effect since germs 
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cinhcddcd in icc are killed. Yet it appears that bacteria are many times more 
vulnerable in air than in water or ice. Moreover, a layer of bacteria shows a 
inaxiinuin of absorption of ultraviolet radiations in exactly the same region 
which shows the maximum germicidal action. The effect is likely due to a 
modification witliin the germ cells of a substance or structural unit which pre¬ 
vents their sul)seciuent reproduction. 

38.10. The Measurement of Intensities of Ultraviolet Radiations. Any 
one of its different properties might be utilized as a basis of measurement, but 
in practice either the biological or the idiotoelectric effect is generally employed. 

]Many i)hysicians have used the erythe- 
mal effect as an indicator of intensity, 
but too many factors influence this 
effect to make it acceptable in any work 
calling for precision and, besides, sev¬ 
eral hours must elapse before the effect 
of an exposure can be ascertained. The 
more precise methods make use of a 
photoelectric cell of some type. One 
merely isolates by means of a filter the 
region of wave lengths to be measured 
and then observes the magnitude of the 
photoelectric current produced. The 
late Dr. H. C. Kentschlcr, working in 
the Westinghousc laboratories, devel¬ 
oped a simple circuit depending for its 
action on a relay glow tube. The more 
intense the radiation the greater the 
photoelectric effect anrl the more fre- 
(pient the discharges through the tube. 
These arc counted automatically and 
the intensity can be judged from the 
count for a standard period of time. A number of other electronic tube circuits 
have l)een devised which are extrenielv sensitive as meters of ultraviolet radi- 
ation. 

38.11. Some Medical and Other Applications. The ‘’Stcrilamp.” a recent 
development, also by Dr. Rentschler, cpiickly gained wide recognition and has 
found many important uses (Fig. 38—10). It and its e(|uivalent, the “Oonnicidal 
Lamp” (by (leneral Fdectricl, is essentially a mercury vapor and gas electrical 
discharge tube having an envelope of a special glass which offers high trans¬ 
mission in the spectral legion showing the highest germicidal effect. 1 hey are 
used in nurseries, homes, seliools. hospitals—in fact, wherever the sterilization 
of the air of the room is important. They are particularly useful in rooms m 
which drugs, blood plasma, special serums, vaccines, sutures, and the like, are 
prepared and sealed into their containers. An ultraviolet radiation zone can 
serve as an effective barrier to the s|u‘eafl of infection. It was observed early 



Fi(i. ‘Js-lO. A "Steril.im])’’ nr germicidal 
lam]>. in tlie hands of the late Dr. II. C. 
Iteni'cliler, chiefly re'pon'ible for its de¬ 
velopment (Courtesy of WestiiiKhouse) 
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that a sterilamp kept constantly on in an operating room greatly reduced the 
likelihood of post-operational infection. The use of germicidal lamps in schools 
may i educe disease during an epidemic to one ejuarter of its incidence in un¬ 
protected rooms. The installation of these lamps in an infants* ward in a hospi¬ 
tal reduced the incidence of respiratory disease by 39 per cent. Lamps operating 
constantly in cases or rooms containing bakery or meat products very greatly 
increase tlic time such goods may be stored without deterioration and make 
unnecessary the maintenance of such low temperatures as have hitherto been 
required. This in turn means a more acceptable quality from the standpoint 
of the consumer. The bactericidal power of the blood appears to be enhanced 
by ultraviolet radiations. Ringworm may be detected by its fluorescence under 
this radiation. Different blood sera and different parts of the brain fluoresce 
differently and may be studied by means of ultraviolet light. Dyes, stains, 
many drugs and some poisons likewise fluoresce characteristically, as does also 
vitamin A. Natural teeth, but not artificial, fluoresce under this radiation. It 
has been reported that blood pressure is lowered, the number of blood corpuscles 
is increased, the nervous system and center is stimulated and wholesome psy¬ 
chological reactions arc produced through the action of ultraviolet radiation. 
38.12. Fluorescent Lamps and Radiations. The absorption of a quantum 
of energy, hv^ by a molecule or an atom either activates it or ionizes it. In 
either case the new condition is unlikely to be permanent, hence for every 
quantum absorbed there is likely to be one quantum emitted and, possibly, 
more. Since there is likely to be some loss of energy in the transfer processes 
and losses in energy by stages, the emitted radiation is in general of longer 
wave length. If, therefore, invisible ultraviolet radiation can be used to cause 
the fluorescence of materials which emit radiations in the visible region a great 
increase in luminous efficiency should be realizable. Since different “phosphors” 
emit different colors, many interesting and beautiful effects can be produced 
by the use of phosphorescent and fluorescent djxs, paints, crystals, etc. The 
effect is made more striking by the use of a source of “black light,” that is, an 
ultraviolet source provided with filters to remove the visible radiations. 

For the purpose of general illumination a far more efficient arrangement is 
to have the conversion of the ultraviolet component of the radiations into the 
visible light within the tube itself. Thereby one obtains not only all the visible 
radiations initially produced but also, by conversion, the ultraviolet portion 
which is generally useless insofar as illumination is concerned. These lamps 
are very much like the sterilamps except for the presence of the phosjjhors 
within the tube and the use of ordinary glass. Both lamps depend for their effi¬ 
ciency on the strong mercury emission at 2537 A and they operate the same 
electrically. One outstanding advantage of such lamps is the production of 
colored lights directly by the choice of phosphors, which is far more economical 
than by the subtractive-color process described in Chapter 36. Also, since only 
34 per cent of the energy is radiated in the infrared or heat region as compared 
with 70 per cent for the incandescent lamps, tlie heating effect of the fluorescent 
lamp is far less objectionable. Moreover, the luminous efficiency of the fluores- 
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cent lamps is far higher than that of the incandescent lamps, as they give 
nearly four times the candle power per watt, though their installation costs are 
higher. Fluorescent lamps with an ultraviolet-transmitting glass have become 
available as “sun” lamps. 


Problems 

1. Using Wien’s displacement law, calculate the wave length corresponding to the 
maximum of the energy distribution curve for each of the sources of infrared radia¬ 
tion included in Fig. 38-3. Which of these fall within the range of wavelengths trans¬ 
mitted by the human flesh? (Ans. A, 0.00008630 or 8630 A; B, 9780 A; C, 11600 A; 
D, 14500 A; E, 24100 A; F, 41400 A) 

2. List several advantages which the heating of the muscles and other subcutaneous 
tissues by infrared radiation has over deep-heating by the use of hot-water bottles or 
by electric pads. 

3. A nurse was asked to give a certain “dose” of infrared radiation with the source 
placed 4 ft directly above the back of the patient, but she placed the lamp stand 3 ft 
to one side of the patient. This lowered the effective dose due to both the greater dis¬ 
tance and the obliquity thereby introduced. What per cent of the prescribed dose did 
the patient receive? (See Chapter 29.) (Ans. 51.2 per cent) 

4. Compare the loss by scattering of the radiations to which the eye is most sensi¬ 
tive, roughly at 5500 A, with the loss at 7000 A, the red end of the visible spectrum. 
On the basis of your result explain the red color of the sunlight received through a 
haze or at sunrise or sunset. 

5. Suppose that an infrared telescope utilizes radiation in the region of 8000 A. 
Compare the scattering this radiation suffers due to a fog with that of the radiation 
near 5500 A. This should make obvious the great usefulness of this instrument in mili¬ 
tary operations, as well as in peacetime. (Ans. Radiation at 8000 A scattered 0.225 
times as much as at 5500 A) 

6 . Explain why spectroscopists working in the extreme ultraviolet region must 
choose vacuum spectrographs, and why these must make use of gratings rather than 
prisms. 

7. Explain the physical aspects having to do with snowblindness. Why is it more 
important to shield the eyes from ultraviolet radiations than to protect any other 
part of the body from this radiation? 

8 . Compute the energy per photon (hr) in the region of 2500 A where bactericidal 
action and the photochemical effect are pronounced, the energy of a photon in the vis¬ 
ible region near 5500 A, and also of one in the near infrared regions at 9000 A. Your 
results should explain the fact that the ultraviolet photons are so much more effective 
in producing photoelectric, photochemical, and photobiological changes. 
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Polarization of Light 


Most of the phenomena which were treated in Chapter 24 dealing with wave 
motion could be exhibited by either longitudinal or transverse waves. In the 
case of solids either of these types can be propagated, but at different velocities. 
In gases only compressional (longitudinal) waves can be transmitted. Light 
waves, in fact electromagnetic waves in general, are of a different sort and the 
early physicists remained uncertain in their attempted explanations of many 
optical phenomena long after they agreed that light was a wave phenomenon, 
largely because they did not know whether the waves were longitudinal or 
transverse. Nor did they know even that they are electromagnetic in nature, 
and there was no theory of electrons or of atomic structure resembling those 
now held. 

39.1. Evidence of the Transverse Nature of Light Waves. Suppose that a 
motor-driven oscillator were arranged to give a heavy cord or a solid rubber 
cable an oscillatory motion in the manner indicated in Fig 39-1 (a). Suppose, 


Adjustable 

speed 

rotator 


(b) 

Fig. 39-1. Lecture-table demonstration of the principle of the action of a polarizer and 

an analyzer of transverse waves 

further, that the cord were passed through two gratings mounted so that their 
slit openings can be made either parallel, as shown, or at right angles to each 
other. It will be observed that transverse vibrations pass readily through both 
the gratings if the openings are parallel to the plane of vibration. But when 
the second grating is at right angles to the first the vibrations are unable to 
pass the second grating, as indicated in (b). On the other hand, if a “push and 
pull” or longitudinal vibration were sent along the cord, it would pass througli 
the two gratings regardless of their relative orientations. 

Carrying the analogy to light waves, suppose that they are transverse and 
that one has means of confining their vibrations to one plane by the equivalent 
of a grating, as shown by in Fig. 39-2(a). It follows that a second grating 
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sliould likewise transmit the light when turned parallel to the other, but ex- 
hnguish it when turned crosswise, as sliown in (b). If, on the other hand, light 
is longitudinal, then the second grating should transmit the light even when 
the gratings are crossed. Fortunately such gratings have been discovered, and 
it is found that a beam of light which is transmitted by one is completely 
quenched by a second grating turned through 90°, as shown in (b). This means 
that light waves are transverse waves. Light which has passed through 



Fig. 39-2. Light polarized by A passes 
through Pz also if the axis of the latter is 
parallel to that of A but is shut out when 
the two axes are mutually perpendicular 


has vibrations in only the one plane and is said to be polarized, since its 
pioperties are not symmetrical about its axis of propagation. 

Ordinary light includes a wide range of frequencies, and the planes of 
vibrations of the individual photons have a completely random distribution 
about the axis, as suggested in the diagram of Fig. 39-3(a). To simplify the 
problem one may consider the x- and the y-component of each wave train or 
photon. When these are in phase the result is a straight line vibration. If they 
should be out of phase the vibration should be, in general, elliptical; though if 


Fig. 39-3. Only the vertical components of the vibrations 
graphically represented in (a) are transmitted by the Polar¬ 
oid, The amplitudes of these components will vary as 

suggested in (b) 




the two components are equal and differ by 90° in phase, the result is circularly 
polarized light. After such light has passed through P^, assumed to be turned 
to transmit the y-component only, the light has the character indicated in 
Fig. 39-3(b); that is, it is polarized. Note that each y-component in (b) is the 
same as in (a). or its equivalent acts as a polarizer, and the second grating 
(or other device) by means of which one may examine a beam of light for 
polarization is known as an analyzer. When the analyzer and polarizer are at 
right angles no light gets through the analyzer. At any other setting of the lat¬ 
ter the amplitude of the transmitted photons varies with sin 0 where 0 is the 
angle turned from the position of extinction, and the intensity is proportional 
to sin^ 0. Incidentally, a combination of a polarizer and analyzer offers one of 
our best methods of varying the intensity of a beam of light in a controlled 
and known manner and, through matching beams, supplies a means of measur¬ 
ing light intensities. 

39.2. Polarization by Crystals. If two plates are cut from a crystal of tour¬ 
maline with the faces of the plates parallel to the optical axis of the crystal, 
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they may be used as polarizer and analyzer in experimental work in light. Each 
will let through only the components of vibrations in a particular plane. While 
the reasons can hardly be discussed at this point they must have to do with the 
freedom of the electrons in the crystals to move in one direction, but in one 
direction only, in response to the oscillations of the electric field. Owing to 
limitations as to size, availability, and low transmission, tourmaline crystals 
hardly meet the practical needs. Yet there are few crystals which do completely 
suppress one component and can be obtained clear in large sizes. 

Nearly a century ago an English physician, W. B. Herapath, discovered that 
iodo-quininc sulfate crystals transmit polarized light, with but slight absorption 
in all regions of the spectrum, provided it was polarized in a particular plane 



Fig. 39-4. Overlapping polaroids with 
crossed axes almost completely absorb 
the light (Courtesy of the Polaroid Cor¬ 
poration) 



Fig. 39-5. If incident at the polar¬ 
izing angle, light may be polarized 
by reflection from the surface of a 

glass plate 


with reference to the axis of the crystal. However, none was let through when 
the crystal was turned through 90° from the plane of maximum transmission. 
Yet it was not possible to secure other than fine, fragile crystals of this sub¬ 
stance; hence no use was made of the discovery until recent years. Then a 
student at Harvard University, E. H. Land conceived the plan and developed 
a method of embedding the fine crystals oriented in a common direction, in a 
plastic sheet. At present it is possible also to produce the film by the orientation 
of the molecules themselves, rather than of preformed crystals. The resulting 
product, called “Polaroid” was found to be a highly satisfactory polarizer and 
was soon made available on a commercial scale. It has now replaced practically 
all other substances in this field. While sheets of any size likely to be desired 
are obtainable, for laboratory uses the form shown in Fig. 38-4 is in common 
use. It will be observed that each of the two discs shown transmits liglit, but 
no light passes through the two where they overlap. (Note that the axes, indi¬ 
cated by marks on the rims, are normal to each other.) 

39.3. Polarization by Reflection. When light reflected at an oblique angle 
from an unsilvered surface of glass or other nonmetal substances is examined 
by means of an analyzer with the arrangement shown in Fig. 39-5, it is found 
to be partially polarized. In the case of glass surfaces, if the angle of incidence 
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is 57 j the reflected light is completely polarized. This may be checked by a 
Polaroid as shown, or by a second glass plate rotated 90° about the 57° line of 
incidence as an axis. This means that either a Polaroid or a glass plate may act 
either as a polarizer or as an analyzer, providing the angle of incidence in the 
latter case is kept at the polarizing angle. It has been established that, in a 
beam of light polarized by reflection, the oscillations of the electric vector of the 
light waves are normal to the plane of incidence; that is, the plane containing 
the incident wave and the normal to the plane of the surface at the point where 


57' 
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Fig. 39-6. Polarization by reflection is 
due to the transmission by the glass of 
the components of the electric vectors 
of the incident radiation which lie within 
the plane of incidence, as in (b). The 
components normal to this plane are re¬ 
flected, as shown in (a) 


the ray meets the surface. The plane containing the electric vector, known as 
the plane of vibration, is perpendicular to the plane of incidence and is a more 
convenient one to consider. This plane and the vibrations of the electric vector 
within it are shown in perspective in Fig. 39-6(a). It will be observed that the 
direction of vibration in the reflected ray is parallel to the electric vector in the 
incident ray; the electrons are bound so do not dissipate the energy of vibra¬ 
tions parallel to the surface. (Metallic surfaces in which electrons are not bound 
do not completely polarize light by reflection.) The ray is reflected without 
change in phase, just as are sound waves at the closed end of a resonance tube. 
The case is quite different for the electric vibrations whose plane of vibration 


Fig. 30-7. The polarization is almost complete if a number 
of reflecting plates are superimposed and the incident 
angle is the angle of polarization (57° in the illustration) 


is the same as the plane of incidence, as shown in Fig. 39-6(b). They cannot 
possibly be wholly included in the reflected ray unless their direction of vibra¬ 
tion is changed through twice the angle of incidence; for, if they retained their 
initial direction, they would constitute a longitudinal component in the reflected 
ray, a thing impossible since light waves are purely transverse. In general there 
would be a slight component normal to the direction of the reflected ray; but 
when the refracted ray makes an angle of 90° with the reflected ray, as shown 
in (b), there is no such component and the reflected ray is completely polar¬ 
ized. The transmitted ray is only partially so since this ray contains not only 
the component shown in (b) but also a portion of that in (a) because only 
roughly 8 per cent is reflected. By using a pile of plates, as shown in Fig. 39-7, 
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it is possible to increase greatly the intensity of the reflected portion and also 
to give the transmitted portion a higher percentage of polarization. 

The fact that, for the complete polarization of the reflected ray, the reflected 
ray is normal to the transmitted ray makes possible an important simpliflca- 
tion. From Snell’s law and from simple geometry it follows that: 

n = sin i /sin r = sin I’/cos i = tan i = tan p 

where p is the polarizing angle. (This follows at once from the fact that 
sin r = cos i. See Fig. 39-6(b).) The final relation, n — tan p, is known as 
Brewster’s law. It enables one to calculate at once the proper angle for com¬ 
plete polarization for any substance if given its index of refraction. 

39.4. Double Refraction. When a ray of light strikes a large crystal of Ice¬ 
land spar, as shown diagrammatically in Fig. 39-8(a), it is broken up and two 

Fig. 39-S. (a) Light incident on a crystal of Iceland 
spar obliquely with respect to its optical axis is di¬ 
vided into two polarized components with planes of 
polarization at right angles to each other. A Rochon 
prism, made u]) of two prisms having their optical 
axes arranged as shown in (h), proiluces divergent 

polarized beams 



close, parallel rays emerge. One ray goes straight through as though it were 
glass. It is called the ordinary ray (o). The other suffers a lateral displacement 
and is known as the extraordinary ray (eo). Had the second face been oblique 
to the first, both rays would have been refracted and would have formed two 
complete spectra but at very different angles of deviation. The crystal thus 
exhibits double refraction. The natural cleavage faces of the crystal are 
oblique to the optical axis, indicated in direction by the diagonal lines in (a). 
It is found that there is no separation of the two rays when they pass through 
a sheet cut with faces normal to this axis. The separation is greatest when 
the ray is normal to the direction of the axis. These two facts are recognized 
in the design of the composite calcite block shown in Fig. 39-8 (b), which is 


known as a Rochon prism. In the first section the ray is parallel to the axis 
and there is no separation, but in the second half the rays are perpendicular 
to the axial direction and there is a maximum separation. The o ray suffers no 
deflection, but the eo portion is refracted at both the interface and the back 
face, and thereafter diverges from the o portion. This makes it possible to study 
the two rays separately and to find that they are each polarized, but in planes 
mutually perpendicular. The index of refraction of the o ray is found to be ].b5, 
whereas that of the eo ray may have any value from 1.48, its value when di¬ 
rected at right angles to the optical axis to 1.65 when parallel to the axis. It 
strictly obeys Snell’s law of refraction only when normal to the axis. At other 


angles its index of refraction is taken as 


the ratio of the velocity of light in 


a vacuum to the velocity of the ray in the direction taken. Tlie Xicol i)rism 
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(see an advanced text on Optics) also, is made of calcite but uses a different 
scheme for the separation of the two components. It was formerly of great im¬ 
portance but has been largely displaced by polaroids. 

In quartz, and in some other crystals showing double refraction, the ordinary 
ray has a greater velocity than the extraordinary ray. Whichever the type of 
double refraction the peculiar behavior is obviously due to an asymmetrical 
crystal structure affording electrons different freedoms in different directions. 
Supporting this conclusion are the facts that heat and electrical conductivities, 
and also mechanical strengths, have values in the axial direction which differ 
from the corresponding values in other directions through the crystals. 

39.5. Polarization of Light by Scattering. Light rays passing through the 
atmosphere will encounter not only dust particles but the molecules themselves. 
Some of the photons will have collisions of such nature that they will be di¬ 
verted from their original direction either by a type of reflection, by diffraction. 


Q HMM tIf I f Y i iii 


’v;;:";-. Reddish 
. ♦ . i ff■> light 


Light ' 
from sun 



Bluish light 
polarized 


(a) (b) 

Fig. 39-9. Light scattered by particles in the atmosphere is partially polarized as 

suggested in (b) 


or by absorption and re-emission in a different direction. The magnitude of 
this scattering effect depends on the wave length of the light and is found to 
vary inversely as the fourth power of the wave length. Thus blue light at 4500 A 
is nearly eight times as strongly scattered as red light at 7500 A. The result 
is a partial separation of the colors, and a beam of initially white light will 
gradually become reddish through the relatively greater loss of the blue and 
violet through scattering. The effect may be represented and explained graphi¬ 
cally as indicated in Fig. 39-9. In (a) the scattering action is indicated, while in 
(b) the two components of the initial light beam are indicated. Only the compo¬ 
nent of the initial light beam shown can be scattered normally to the original 
direction unless there is a change in the direction of its vibration. The scattered 
ray w'ill be polarized strongly in the plane containing the initial and diverted 
rays; that is, it will have vibrations of its electric vector perpendicular to this 
plane, as shown by the dotted line. This may be confirmed by viewing the sky 
through a Polaroid or a Nicol. The greater the distance traversed through the 
scattering medium, the more polarized will be the residual portion of the beam. 
Thus one may explain the blue color of the sky as seen in a direction normal 
to the line to the sun and also the redness of the sun as it nears the horizon 
and the length of path through the air increases. The effect may be demon¬ 
strated easily in the laboratory by passing a parallel beam of light through a 
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long smoke chamber, or still better through an optical tank of very dilute milk, 
or by a very fine suspension of sulfur, using the arrangement shown in Fig. 
39-10. This may be prepared by dissolving between 25 and 30 gm of “hypo*' 
in 5 liters of water and then adding about 1.5 ml of concentrated sulfuric acid. 
In a few minutes the effect on both the scattered light and the transmitted beam 


Bluish 

light 


Reddish 

light 


Fig. 39-10. Method of demonstrating that blue light is more readily scattered than 

red light 


should be noticeable, the latter growing redder with time, as the amount of 
sulfur in suspension increases. 

39.6. Rotation of the Plane of Polarization. Let a beam of monochromatic 
light be projected through two polaroids or Nicol prisms and one of them be 
turned to produce extinction, that is, until they are “crossed.” If then a plate 
of quartz, cut normally to its optical axis, is inserted between the polarizer 
and analyzer there will again be transmitted light. Extinction can be restored 
by the proper rotation of the analyzer, and it is found that the amount of rota¬ 
tion required is directly proportional to the thickness of the plate and varies 
inversely as the square of the wave length. The light is still polarized, but the 
quartz plate has rotated the plane of polarization. Quartz crystals may be either 
“left-handed” or “right-handed” cr>^stals, the one being the mirror image of the 
other. A plate cut from the former will rotate the plane to the left, while one 
from the latter will rotate the plane to the right or clockwise to an observer 
looking toward the source of the light along the path of the light ray. There are a 
few other crystals which, like quartz, are “optically active ” but the most im¬ 
portant application has to do with optically active fluids—sugar solutions, 
for example. Ordinary sugars which, in solution, rotate the plane of polariza¬ 
tion to the right are called dextrogyrate; those rotating the plane to the left 
are levogyrate. Dextrose and levulose, respectively, are examples. Since the 
rotation is proportional to the concentration, a conventional basis has been 
established on which analytical work may be done. The specific rotatory 
power (a) is, by agreement, defined by the relation: 

a = (a) L c/100 

where a is the observed rotation in degrees, L the length of the path in deci¬ 
meters of the beam of light in the solution being tested, and c the weight in 
grams of the active substance per hundred milliliters. From this it is seen that 
(a) is the rotation of the plane of polarization in a tube 1 decimeter long 
when there is 1 gm of the active substance per milliliter. Obviously the e(iiiation 
may be solved when any three of the quantities are known. In the laboratory 
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a student may determine (a) by finding the rotation, a, produced by a known 
concentration in a known path, after which he can use his value for (a) and an 
observed a to find the concentration, c, in an unknown solution. An instrument 
designed to make such determinations conveniently is shown in Fig. 39-11 and 
is called a polarimeter. Light from a monochromatic source—for example, 
sodium—is made parallel and passed through a polarizer, then through a tube, 
generally 2 decimeters long and, finally, through the analyzer and lenses to the 
eye. To make a test the tube is filled with distilled water and the analyzer is 
set for extinction. The solution to be tested is then substituted for the water 
and the amount of rotation necessary to restore extinction is determined and 
recorded as a. The concentration of the unknown solution may be calculated 



Fro. 39-11. The polarimeter is used to measure the angle through which a substance, 
sucli as a sugar solution, rotates the plane of polarization of a beam of plane-polarized 

light 


from the relation given above. The principal advantages of the method include 
the following: it is a very rapid method in practice; the presence of any non- 
active substance in the solution is unlikely to affect the result, in contrast with 
the routine of chemical tests in which one must generally remove all or most 
other substances. No preliminary operations which might affect the molecular 
structure of the substance under examination are required in general, although 
it is essential that the solution tested be clear and that it be free from any other 
optically active substance. 

In the International Critical Tables and in other works of reference, exten¬ 
sive tables giving the specific rotatory powers of different substances are pro¬ 
vided. Certain substances of general interest together with their specific rotatory 
powers are listed, on page 417, to show the wide variations in the value of this 
constant among the substances. Those which cause a rotation to the left are 
marked L, those to the right, R. The values given for the solids are in degrees per 
millimeter of path in the solid. They are very high, a hundred or so times as 
large as for solutions and liquids. For the liquids the values are in degrees per 
decimeter. In all cases the values given presume the use of sodium light and 
room temperature. Actually the values depend on the temperature and in many 
cases on the concentration also, but the details cannot be considered here. 

39.7. Applications of the Rotation of the Plane of Polarization. One 
practical use has to do with the determination of the sugar content of a sample 
of urine—indeed, instruments calibrated for this purpose are sometimes called 
diabetometers. The use of polarimcters in the sugar industry is a standard 
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Table 39-1. Specific Rotatory Powers of Common Substances 


Solutions 

Rotatory Power 

Solids and Liquids 

Rotatory Power 

Cane sugar. 

R 66.7° 

Solids 


Invert sugar. 

L 19.7 

Quartz. 

L or R 21.7° per mm 

Dextrose. 

R 105 to 53* 

Cinnabar (HgS).. 

R32.5 

Levulose, fruit sugar. 

L 104 to 92* 

Potassium hypo- 


Maltose. 

R 138 

sulphate . 

R8.4 

Glycogen. 

R197 

Liquids 


Egg albumin. 

L 30.7 

Cedar oil. 

L 20 to 30 per dm 

Camphor in alcohol. 

R54.4 

Citron oil. 

R62 

Nicotine in water. 

L 77 

Menthol. 

L 49.7 

Quinine sulfate. 

L 214 

Turpentine CioH$ 

L 37 


• Falls in a few hours to lower value. 


procedure. For such use their scales are graduated in terms of sugar concentra¬ 
tion and they are called saccharimeters. Their necessary components are in¬ 
dicated in Fig. 39-11. N and N are Nicols, S is a scale, V a vernier, and T a 
tube, usually 2 decimeters long, containing the sugar solution. The right end 
can be rotated. Customs officials find use for them in levying duties on goods 
containing syrups. Manufacturers in chemical and pharmaceutical industries 
require their use not only as controls in the manufacturing processes but also 
in the testing and standardizing of their products. This is true especially in the 
essential-oil industry. A good instrument will incorporate a “half-wave” quartz 
plate or other device (see Q, Fig. 39-11) by means of which the accuracy of 
the settings of the analyzer can be improved considerably. Without such aids 
the eye can do little better than to judge the minimum to within about 4° to 5®, 
but when matching tints the setting can be made to within 0.01°. 

In the light of the double refraction phenomena, one can readily ascribe the 
rotation of the plane of polarization in a crystal to an asymmetry in the struc¬ 
ture of the crystal. Indeed one can actually distinguish a dextrogyrate quartz 
crystal from one that is levogyrate, as the secondary facets of the crystal have 
cither a to-the-right slope or a to-the-left slope. But in the case of liquids one 
must postulate an asymmetrical structure in the molecule itself. Supporting this 
is the fact that in all optically-active carbon compounds the carbon atom is 
asymmetrically bound. Such substances often are formed in pairs, called iso¬ 
mers, whose molecules differ only in that each is the mirror image of the other. 
Compounds containing asymmetric carbon atoms exist in proteins, fats, and 
carbohydrates. For some unknown reason enzymes may act more rapidly on 
a certain substance than on its isomer. A dextrogyrate natural isomer may be 
digested by an enzyme before its levogyrate isomer is even attacked, or vice 
versa. Such preferential action is not observed when inactive agents are em¬ 
ployed. Most optically active substances of biological origin arc levogyrate 
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39.8. The Faraday, the Kerr and the Zeeman Effects. Long before the 

electromagnetic nature of light was known, Faraday {in 1845) discovered that 
a magnetic field had the power to rotate the plane of polarization of a beam 
of plane-polarized light passing parallel to the field through a transparent body 
placed in the magnetic field. A reversal of the field reverses also the direction of 
rotation, but the direction of rotation does not depend on the direction of the 
beam; a ‘'twisted” beam of light if reversed by means of a mirror does not un¬ 
twist on the return trip as it would in a sheet of quartz. Later Kerr (in 1875), 
a Scottish physicist, discovered that transparent nonconductors can be made 
double refracting by the application of an intense electrostatic field across the 
path of the light beam. He found also that when a beam of plane-polarized 
light is reflected from the polished face of a magnet the plane polarization is 
rotated. 

In 1896 Pieter Zeeman, in Holland, found that when the source of the light 
producing spectral lines is placed in a strong magnetic field the lines are broken 
into a number of components and some of the components are polarized in 
such a plane that their electric-vector vibrations arc parallel with the lines of 
magnetic force and the others perpendicular to these lines. Two lines may be 
seen in the direction of the magnetic field, but three in a direction normal to 
the magnetic field. While modern spectroscopy has revealed evidence that this 
“Zeeman Effect” is not nearly as simple as Zeeman supposed, the intensive 
study given to this effect has been most fruitful in revealing the nature of 
atomic and of molecular structure and has yielded information as to the elec¬ 
tron itself. 

While the complete theories of the Faraday, the Kerr, and the Zeeman effects 
involve many complications, these brief statements concerning them should 
at least be accepted as additional evidence of the electromagnetic nature of 
light. 

39.9. Some Miscellaneous Applications of Polarized Light. Perhaps the 
earliest application of i)olarizcd light was in the testing of glass stock and of 
glass manufactured articles for strains. Practically all amorphous transparent 
substances arc doubly refracting when under strain. For example a glass bottle 
which was not carefully annealed after having been formed, when placed be¬ 
tween a polarizer and analyzer set for extinction will show regions of light. 
Manufacturers of lamps, radio tubes, and the like, make use of polariscopes 
in determining manufacturing procedures and for checking on their raw mate¬ 
rials and on their finished products. In the laboratories they may be used to 
check glass apparatus for strains. In engineering photoelasticity has become 
an important field. Models of girders, bridge arches, derricks, and so forth, may 
be constructed of plastics such as clear bakelite. When these are examined in 
polarized light under certain conditions they will show, in general, no frinps 
until they are subjected to stresses through the application of loads simulating 
those likely to be placed on the finished structure. The density of fringes pro- 
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duccd by known loads gives valuable information not only in a qualitative 
sense but usable quantitatively as well. 

Sheet Polaroid has found many practical uses in the elimination of glare. 
Light reflected from paper, roadways, hoods of cars, and so forth, is largely 
polarized as shown in Fig. 39-6(a). Polaroid glasses, oriented to eliminate 
light vibrations in the plane shown, can contribute greatly to the comfort of the 
wearer and to safety in driving. An alternative method applicable to homes or 
offices involves placing a sheet of Polaroid in front of the lamp, and thereby 
eliminating light vibrations in the plane which would otherwise supply the 
glare. A move is on foot to have automobile head lamps and windshields 
equipped with polaroids set at 45° so that when two cars meet each driver 
will be protected from the glare due to the head liglds of the other, since the 
two planes of polarization will be mutually at right angles. Fig. 39-12 shows 



Fig. 39-12. Traffic can be made safer by the use of a crossed-polaroid system. The im¬ 
provement po.<sil)le is made apparent by (a) and (b) which show the same scene. In 
(b) nearly all the glare has been eliminated through the use of polaroids (Courtesy of 

Polaroid Corporation) 

an ordinary street scene as observed (a) under the usual conditions of unpolar¬ 
ized light, and (b) under the improved conditions provided by the system of 
crossed polaroids, as suggested. Even though the intensity is reduced (to 
roughly 37 per cent), vision is greatly improved because, in the absence of glare, 
the eyes function far better. 

An interesting application has to do with the production of both still and 
moving stereoscopic pictures. Pictures taken at slightly different angles are pro¬ 
jected by twin machines through polaroid sheets, the one with the axis vertical, 
the otlier horizontal. An observer wearing polaroid glasses with corresponding 
orientations, gets the normal sense of depth from the pictures, since the two 
eyes see slightly different pictures. In other words the “third dimension” is 
projected. 

Microscopes having a built-in Nicol are considered essential in geology for 
the identification of minerals, as the appearance of a crystal in, or its effect on, 
polarized light may be a distinguishing property. Renal calculi and gall stones 
and many tissues including muscle and nerve fibers, can be examined advan¬ 
tageously with a polarizing microscope. 
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Problems 

1. A light crown glass has an index of refraction of 1.52, whereas that of a very 
heavy flint mav be as high as 1.89. Find the polarizing angle for each of these glasses. 
(Ans. 56M(r, 62®7') 

2. What is the smallest possible polarizing angle if one assumes that no solid can 

have an index of refraction less than 1.00? 

3. The polarizing angle for a certain flint glass is 59®. What would be the minimum 
angle of deviation of a 60° prism made of the same glass? (Ans. 52°36') 

4. If the polarizing angle of a certain plastic is 55°, find its critical angle of reflection. 

5. A student found that a polarimeter indicated a clockwise rotation of the plane of 
polarization of 25° when the polarimeter tube was filled with a cane sugar solution of 
unknown strength. If the tube is 2 decimeters long, find how much sugar the laboratory 
instructor used to make up a liter of the unknown. {Ans. 1S7.5 gm/1) 

6. How many grams of dextrose (assuming (a) =: 100°) per 100 ml of solution are 
needed to make up a solution of which a column 2 decimeters long would have the 

same rotatory power as a quartz plate 1 mm thick? 

7. How much maltose must be added to an aqueous solution of 20 gm of fruit sugar 
(S.R.P. = 92°) to neutralize the rotatory effect of the latter? {Am. 13.3 gm) 

8. If the specific rotatory power of cane sugar is 66.7° based on sodium light having 
a wave length of 5893 A, what would it be on the basis of the green light of mercury 
assuming its wave length to be 5461 A? 

9. A student made up a solution containing 20 gm of cane sugar per 100 milliliter. 
He placed it in a 2 dm saccharimeter and after observing the rotation produced he 
introduced a thin wedge of quartz and adjusted it until the rotation due to the sugar 
was exactly neutralized by the quartz. What was the thickness of the quartz intio- 
duced? {Ans. 1.23 mm) 

10. Suppose two monochromatic beams of 4500 A, and 5893 A (sodium light), 
polarized in the plane MN are directed upward through a column of a solution having 
30 gm of cane sugar per 100 milliliters and contained in a long glass tube. How far 
from the bottom would the two beams, individually, again be polarized in the plane 

MN? . , u * . 

11. Continuing Problem 10 find the nearest point up the tube at which the tivo 

planes of polarization would differ by 90°. Suppose that a circular sheet of polaroid, 
having the diameter of the interior of the tube and mounted on a long rod with its 
plane normal to it, were let down into the solution. What changes in the light, ob¬ 
served at the top of the tube, would appear as the polaroid is moved along the tube, 

or rotated at any level? Explain. (An^. 6.35 dm) ■ r u* fh 

12. In a certain laboratory' it was decided to use in place of the sodium light t e 

strong mercury line at 5461 A, isolated by means of a filter, in making tes^ for o^i- 
cally active substances. Prepare a set of constants to replace those given in Table 6J~i 

for the first seven substances listed. • j f 

13. Optically active crystals even though transparent, and having an index or re¬ 
fraction approximately equal to the surrounding medium, can still be seen distinctly 
in a polarizing microscope. Explain. 
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Practically everyone becomes familiar with magnets and their amazing be¬ 
havior by using them as toys or by learning about them in the elementary 
schools. Yet a full explanation of their action is still lacking in spite of the 
efforts of physicists through centuries of experimentation and theoretical work. 
Even the origin of the name is uncertain. By some it is attributed to the name of 
a Greek shepherd, Magnes, who noted a strong attraction for his iron crook that 
was exerted by a black mineral (now known as an oxide of iron, re 304 ); by 
others the name is supposed to be related to Magnesia, a place where the min¬ 
eral was found in abundance. The two outstanding properties of magnets are 



Fig. 40-1. (a) Masnotite, a magnetic iron ore, is found in nature. Diagrams (b) to 

(h) show various forms of permanent magnets 


their ability to attract pieces of iron or certain other substances and to point in 
a particular direction when suspended by a torsionless fiber or when mounte on 
a frictionless pivot. Magnets are found to have also the property of giving un 
magnetized pieces of iron and steel the properties of a magnet without losing 
any of their own. In fact artificial magnets have entirely replaced the natural 
magnets for all practical uses, since they may be made stronger and given more 

suitable shapes. _ ■ + f 

40.1. Magnets. Magnets arc found or may be made in a great vane y o 

forms and sizes, of which a few are illustrated in Fig. 40-1. Whatever its orm 

or size any magnet will have two or more regions to which iron filings, see 

tacks, nails, and other objects of iron or steel are strongly attracted. ^se 
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regions are the poles of the magnet, and no magnet can have less than two. 
1 he apparent area of a pole depends much on the shape of the magnet. A 
typical natural magnet is shown in (a). The poles of a slender magnet as in (b) 
extend back a considerable distance from the end, rather indefinitely, while 
those of (c) are concentrated at its ball-shaped ends. The latter is more useful 
for experimental study. Horseshoe magnets of the form shown in (d) are par¬ 
ticularly useful since their magnetic fields, by which is meant the regions in 
which the action of the magnets is effective, are concentrated and, therefore, 
more usable in a practical way. The one show'n is of the type used in magnetos, 
and that in (e) is used as a speed controller in an electric light meter. Electrical 
instruments for measuring electric currents employ magnets having the general 
form shown in (f) and radio loud speakers employ magnets of the type shown 
in (g). The action of the magnetrons required in radar circuits depends on the 
very intense magnetic fields provided by the magnets of the form shown in (h). 
All those shown are constructed of hard steel or of certain recently developed 
alloys and are designed to retain their magnetic properties indefinitely. Such 
magnets arc called permanent magnets. For some uses temporary magnets may 
be constructed of soft iron, in order to be able to vary their strength as magnets 
at will; but their use depends on auxiliary magnetic controls. 

40.2. Laws of Magnetic Poles, and the Unit Pole. If any one of the mag¬ 
nets shown in Fig. 40-1 were suspended by a torsionless fiber or mounted on 
a suitable pivot, it would turn about a vertical axis until one pole pointed in a 
nortlierly direction. That particular pole of a magnet whicii "seeks the north" 
is known as tlie north pole or the N pole of the magnet; while its mate, or the 
pole pointing to the south, is called the south pole, or S pole. It is found that 
two N [)oles will repel, likewise two S poles, but two unlike poles attract each 
other. While the forces involved appear to l)e similar to gravitational forces, it 
is necessary to define a unit i)ole for the purpose of indicating pole stnuigtlis. 
A\'hatever the unit it must be apparent that, if two magnetic poles are found 
to r(*pel the pole of a third magnet by the same force, they are of cfiual strengtli. 
The Hibbert balance sliown in Fig. 40-2 ofTers a convenient means of com¬ 
paring pole strengths, since tlie forces involved may be determined directly 
as in the ejise of an ordinarv balance. 

It is found that in general the force of repulsion l)etween two magnetic X 
poles, for two S poles) varies directly as the product of their pole str(‘ngfhs 
and invers(‘ly as the s(|uare of their distance apait. This basic law offers a suit¬ 
able basis for the definition of a unit magnetic pole since it may be written in 
the simple form: 

Force — <1- 

provifling the units are propei'ly chosen. In thi^, ///, and arc rhr 
strengths of the i)ol('s involved, and d is the di.'tance between Iliem 'I'he dvtie 
is our unit of force and the centimeter the unit of distance. If, then, oiw elioo.-e-; 
us the unit pole a nuKjnetir pole which repid.s n (ike pole in n raruuni of o dl.'i- 
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lance of one centimeter with a force of one dyne, then the equation above be¬ 
comes 1 = (1 X 1)/1 and the choice greatly simplifies problems in this field. 
However, it is found that the unit depends also on the medium in which the 
magnets are placed; hence a constant must be introduced into the equation to 



Fig. 40-2. Laboratory method of studying the forces between the poles of magnets 

take care of the variation with the medium and the form now universally ac¬ 
cepted is 

F = 

where ^ (the Greek letter "mu”) is a constant of the medium, known as its 
permeability. Its value may be taken as 1 for air and for most gases, although 
it is strictly 1 for only a vacuum. This relation is known as Coulomb’s law, 
and it is perhaps the most fundamental relation in the field of magnetism and 
electricity. Except where stated to the contrary the value of y. may be taken 
as unity, and the simpler relation used in problems, etc. 

Example: Find the force of an N magnetic pole of 200 units when acted on 
by another N pole of 160 units at a distance of 40 cm. 

Using the Coulomb law: 

F = 200 X 160/40^ = 20 dynes (repulsion). 

40.3. Magnetic Field Strength. The defining of the unit pole makes possible 
a simple definition of the magnetic field also, with respect to both direcUon and 
magnitude. The direction of the field at any point is simply the direction that 
an independent N pole, if placed at that point, would move it free to do so. 
It is also the direction the N pole of a short compass needle would point. The 
field strength at any point is numerically equal to the force in dynes that the 
field would 6X614. on a unit N pole placed at that point. Actually the secon 
statement includes the first since force is a vector quantity and as such has 
both direction and magnitude. If a unit N pole experiences a force of 5 dynes 
the field strength is 5 oersteds—oersted being the name of the unit of field 
strength. The form of a field may be studied in various ways; for example, 
one may mount a magnet just over the surface of the water in a deep glass 
tank and float a long magnet within the region about the magnet. The lower 
end of the floating magnet may be ignored for practical purposes as the force 
varies inversely as the square of the distance between poles. The paths taken by 
M when released at various points are well represented by the curves in the lower 
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part of Fig. 40-3(a). Or the magnet may be placed on a sheet of paper and the 
field explored by means of a small pivoted magnet called a compass. Wherever 
placed the compass needle will swing into the line of the resultant magnetic field 
at its location. It must be remembered that at points well removed from the 
magnet the magnetic field of the earth (see later section) may be comparable in 
strength to that of the magnet, and may introduce distortions into a field which 
would be symmetrical about the magnet in the absence of other fields. In fact 
there are “neutral” points near each mag¬ 
net where the earth’s field neutralizes that 
of the magnet. 

The shape and intensity of the field 
about a magnet of known pole strength, 
may be found by a mathematical proced¬ 
ure also, in the manner indicated in Fig. 

40-3(a). The force on a unit N pole placed 
at any point such as P may be computed 
by using the Coulomb law. Assume the (a) 

distance PN = 7.08 cm and PS = 13 cm, 
and that each pole has a strength of 200 , 
in other words that it is 200 times as strong 
as a unit pole. The force of repulsion on a 
unit N pole placed at P, due to N is: 

(200 X l)/7.08- = 4 dynes, and is in the 
direction of the vector PA. The force of 
attraction between the unit N pole at P 
and the S pole of the magnet has a value 
of (200 X 1)/13^ = 1.18 dynes but has a 
different direction, as indicated by PB. Fig. 40-3. (a) Application of the 
The resultant of these two forces is PC, vector-addition method to the deter- 
and tliis vector represents both the intens- resultant mapetic 

ity and the direction of the field at the 3 ^ 0 ^ the nature of the fields 

point P. In a similar manner it is possible about the indicated combinations 
to find the resultant field at any other 

point such as Pj, Pg, and so on. The dotted lines, often called lines of 
magnetic force, drawn about the magnet indicate the form of the field about a 
simple magnet. The form of the field may be made visual by placing a glass 
plate or paper over the magnet and sprinkling iron filings on it. These will swing 
into line when the paper is tapped lightly since by induction, as explained be¬ 
low, each filing becomes a tiny magnet and behaves as a minute compass. The 
use of filings make it a simple manner to investigate the field about a combina¬ 
tion of magnets, as shown in (b). Soft iron, though attracted by a magnet, is 
ordinarily unmagnetized. Yet when a link of soft iron is placed in a magnetic 
field as indicated in (c), the distribution of filings indicates that the ends of the 
link become strong N and S poles; the one nearer the S pole of the magnet is an 
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N pole, the other an S pole. This is indicated by the lines of filings which join 
only unlike poles, as indicated in (b). In the instrument magnet in Fig. 40-1 (f) 
use is made of a soft iron core to give a uniform radial field across the gaps at 
the poles. 

While one may not ascribe to “lines of force” the physical reality conceived 
by Faraday, the basic concept is at least highly convenient in considering 
problems dealing with magnetic fields. Since at each point in a magnetic field 
the line represents the direction of the resultant magnetic field at that point, 
no two lines of magnetic force can cross as there can be only one resultant at 
a point. An independent N pole moves from an N pole toward an S pole, not 
toward another N pole. Hence lines of force join unlike poles, not like poles. The 
behavior of magnetic poles is in line with what one would expect if lines of 
force indicated tension longitudinally, and sidewise repulsion toward the other 
lines. To make the picture more complete one represents the strength of the 
field by an equal number of lines per square centimeter in a plane normal to the 
lines of force at the point. More specifically, if a unit N pole experiences a force 
of 12 dynes at a particular point the field strength is 12 oersteds, and may be 
visualized by drawing 12 lines per square centimeter and indicating their 
direction. 

40.4. Magnetic Permeability, Classification of Substances. In Fig. 40-3(c) 
the link of iron is shown as having the polarity characteristic of magnets. If 
free to move it would be pulled toward the magnet with exactly the same 
force that would be experienced by a simple magnet with equivalent strength. 
It is seen that the magnetic field in the region within and also just beyond the 
iron link is negligible; it is as though the lines of force found an easier path 
within the iron. This effect is expressed by saying that the iron has greater 
permeability than the air it displaces. Only a few substances, including the 
elements iron, nickel, and cobalt as well as a number of special alloys, show 
this effect strongly. This group is classified as ferromagnetic substances. A 
number of other substances like platinum, aluminum, certain rare earths, por¬ 
celain, etc., are verxj slightly more permeable than air for platinum = 
1.00002) and are known as paramagnetic. Most other substances including 
copper and bismuth are very slightly less permeable than air, and are known 
as diamagnetic. The wide variation in the permeabilities of some of the ferro¬ 
magnetic substances may be judged from the following abbreviated list m 
which only typical values are indicated. It should be understood that /t de¬ 
pends materially on the treatment received by any sample during preparation. 

A recently developed alloy of aluminum, nickel, cobalt and iron, sold under the 
name of Alnico makes possible magnets of far greater strength and permanence 
than can be made of steel. Magnets of this material are able to exert magnetic 
forces much greater than their own weight. 

40.5. Molecular Theory of Magnetism. A long, magnetized knitting needle 
will show evidence of poles only near the ends; no filings at all will cling to 
it near its middle, yet if broken at the mid-point each part will show a pair of 
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Table 40-1. Permeabilities of Various Magnetic Substances 


Cobalt. 

170 

Permalloy (Ni78.5%, 


Iron. 


Fe21.5%). 

Over 80,000 

Iron-cobalt alloy (Co 34%) 


Silicon steel (Si 4%). 

Up to 10,000 

Nickel. 

700 

Cast steel. 

1,500 



Heusler alloy (Cu 60%, 




Mn 24%, A110%). 

200 


N and S poles. This procedure might be followed with respect to each part, and 
then their parts, and so on as long as is physically possible with always the 
same result, each piece is a magnet. The obvious conclusion is that magnetiza¬ 
tion is a molecular or atomic phenomenon, and that each molecule or atom or 
perhaps a crystal particle is in itself a magnet. It is believed that a magnetized 
rod of steel differs from an unmagnetized rod only in the arrangement or 
“lining up” of the particles so as to act jointly and thereby to give tlie rod as a 
whole the properties of a magnet. In a magnetized bar the N end of one 
particle is neutralized by the S end of the next, and no field is exhibited outside 
until the end regions are reached and the particles arc left with unmatched ends, 
N ends at the N pole, and S ends at the S pole. The breaking of a magnet, then, 
at any point would create two new sets of unmatched ends, hence two new 
poles. Any severe jar would disturb in part the arrangement, and thereby 
w'eaken the strength of the magnet, just as experience has shown. On the other 
hand, jarring a magnet while it is held in line with a magnetic field will facili¬ 
tate the lining-up process, and produce a magnet. Iron bars, etc., arc soft and 
have particles which line up readily and as individuals. In hard steel the 
crystals, the magnetic particles, are lined up with greater difficulty, but if the 
lining-up is once completed, the quality of a magnet may be retained perma¬ 
nently. In short, one makes “permanent magnets” out of steel, and variable 
magnets from iron. When all the particles of a magnet arc aligned, no further 
increase in its strength is possible and it is said to be saturated. 

While the above theory of magnetism satisfactorily accounts for most known 
facts relative to magnetism, it does not answer the more fundamental question 
as to why the particles themselves are magnetic. The close relation between 
electronic motions, changes in electric fields and changes in magnetic fields, will 
be discussed in following chapters. Attention has been called in previous chap¬ 
ters to the electromagnetic nature of light and kindred radiations. The natures 
of magnetic fields and of magnets must be related to the motions of electrons 
within atoms (see Chapter 55), or the linking of atoms by electrons in the case 
of alloys of metals, of which individually some may be only paramagnetic, or 
even diamagnetic, elements. In general the electronic motions within an atom 
neutralize each other by pairs insofar as their magnetic efl'ects are concerned, 
except in the cases of para- and ferromagnetic materials where the neutraliza¬ 
tion is incomplete. 
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40,6. Magnetic Shielding. In Fig. 40-3(c) it is seen that the region beyond 
the iron link shows little or no evidence of magnetic lines of force, and the 
region within the link none at all. This is understandable because the iron is 
so many times more permeable than air and, as lines have a tendency to con¬ 
tract, those beyond the link, rather than those nearer, will be the ones to 
follow the iron. As these have a magnetizing effect on the iron the latter adds 
lines of its own and the result is a magnet by induction. Looked at another way, 
shielding results from the neutralization by the induced magnet of the field 
originally present in the region beyond the induced magnet. Many practical 
uses of the shielding effect of sheet iron are made in the construction of electrical 

instruments and particularly of radio sets in which 
oscillations in magnetic fields due to outside elec¬ 
trical or magnetic disturbances would adversely affect 
if not make impossible good reception. The soft iron 
or steel box so familiar in electronic work is more than 
a mere support. 

The shielding effect may be readily demonstrated 
by covering a magnet such as that shown in Fig. 
40-1 (d), with foot-square sheets of various substances 
in turn, in each case sprinkling iron filings on the 
sheet. It will be found that above the iron there is no 
field, but paper, wood, glass, copper, and zinc appear 
to have no effect whatever. This observation is in 
line with what one would expect from the fact that 
only ferromagnetic substances show magnetic perme¬ 
abilities materially different from that of air, hence 
only they can be used effectively as magnetic shields. 
40,7. Magnetic Moment. The restoring torque 
brought into play when a suspended or pivoted mag¬ 
net is displaced from its position of rest, may be 



Fig. 40-4. The torque 
on a magnet which tends 
to bring its magnetic 
axis into line with any 
magnetic field is propor¬ 
tional to the sine of the 
angle between its axis 
and the direction of the 
field, to the length of 
the magnet and to the 
strength of its poles 


calculated directly from the pole strength of the magnet, m, its length, L, the 

angle of deflection, 0, and the strength of the magnetic field, H, as indicate 

in Fig. 40-4. The force on the N pole in a field whose strength is H oersteds 

is ynH dynes; the effective lever arm about the central point as an axis is 

fLsin 0)/2. The torque due to the S pole is exactly the same, hence the total 

torque is simply 2H • JtiL • (sin 0)/2 = mHL sin 0 or MH sin 9, where » 

which is a constant whatever the deflection, is represented by il/, a quantity 

known as the magnetic moment of the magnet. Since for a given toique t le 

value of sin 9 varies inversely as the strength of the field, the relation 

offers a means of determining the strength of an unknown field if a fie o 

known strength is at hand. , 

40.8. The Earth’s Magnetic Field. It is believed that the practical use oi 

a magnetic substance as a compass has been known for about thirty centuries 

in China, but the explanation of its action and also definite knowledge o c 
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earth’s magnetic field is of far more recent origin. The general form of the 
earth’s field is approximately what one would expect if one or two huge magnets 
existed well within the interior of the planet. Yet there are many striking 
irregularities in the magnetic force field surrounding the earth. These have 
been attributed to the existence of large and irregularly distributed bodies of 
ferromagnetic ore and, in part, to the electrical currents flowing around the 
earth, not only within the crust but also in the conductive layers of the atmos¬ 
phere. The latter vary from day to day, even year by year, and appear to 
depend somewhat on the magnetic condition of the sun. The diagram of Fig. 
40-5 (a) is suggestive of the general nature of the magnetic field of the earth. 



Fig. 40-5. (a) Illustrating the general form of the earth’s magnetic field, (b) Showing 
the relative magnitudes of the horizontal and the vertical components of the earth’s 
magnetic field, typical of the magnetic latitude of about 50°N. (c) A dipping needle 
free to rotate about a transverse horizontal axis indicates the angle of dip of the 

earth’s magnetic field 

It will be observed that in two regions the lines of magnetic force are normal 
to the earth’s surface. These are called the magnetic poles of the earth. The one 
in the north (actually an S pole by convention since it attracts the N poles of 
compasses) is located in Northern Canada at 73°N and 100®W. The pole near 
the south geographic pole of the earth (the N pole) is only approximately 
diametrically opposite the one in the north. Except in the magnetic equatorial 
region the lines of magnetic force are inclined to the earth’s surface at varying 
angles which increase from zero at this equator to 90° at the magnetic poles. The 
field vector at any point may be resolved into a horizontal and a vertical com¬ 
ponent as indicated in Fig. 40-5(b). Only the horizontal vector, H, has any 
effect on an ordinary compass constructed to swing in a horizontal plane. At the 
magnetic poles this vector has zero value, hence mariners must rely on gyro¬ 
scopic compasses and on astronomical observations when in the magnetic polar 
regions. 

In the region of the magnetic equator the horizontal component of the earth’s 
field has a value of about 0.40 oersted, in the United States its values range 
from about 0.27 in the southern states to about 0.14 oersted in the northern, 
and in Canada from about 0.15 tp zero at the magnetic pole. The vertical com- 
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ponent, varies in a corresponding but reversed manner. The resultant field, 
i?, can be determined from experimentally determined values of H and of the 
angle of dip, </>, from the relation: R = H/cos 4>. To determine <t> one uses a com¬ 
pass needle balanced about a horizontal axis (a **dip needle) as indicated in 
Fig. 40-5(c), and oriented to lie in the vertical plane including H. Its value 
varies from 0° (by definition) at the magnetic equator to 90° at the magnetic 
pole in the north but ranges from about 60° to 75° in the United States, and 
up to about 80° in the more settled portions of Canada. 



Fig. 40-6. Isogonic map (From Mendenhall, Eve, Keys and Sutton, College Physics, 

courtesv of D. C. Heath & Company) 


Since the geographic and the magnetic poles are roughly 1200 miles apa 
the compass needles could hardly be expected to point north geographically. 
In western America the declination—that is, the angle between the true 
north and the magnetic meridian—is to the east of north, while in the eas ern 
portion of North America the needle points to the west of north. The 
countries participate in continually surveying and mapping the magnetic tieia 
over the land and water surfaces of the globe and each publishes its own map 
and exchanges information with others. Maps showing lines of equal ^ecima- 
tion. called isogonic maps, are of great value to land surveyors as we as 
mariners. Unfortunately these lines are not only extremely irregular, as s 
in Fig. 40-6, but their form and position are constantly shifting y 
amovmts, hence continuous surveying and frequent revision of maps are nece 
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sitated. Even within historical times the positions of the poles have changed in 
a more or less cyclic manner. Doubtless the variations in the earth’s crust have 
much to do with the forms of the isogonic lines. The variations in the earth’s 
currents and in the atmospheric currents, and the sunspots, as well, have an 
unpredictable influence on both the in¬ 
tensity and the direction of the hori¬ 
zontal component of the earth’s mag¬ 
netic field. 

40.9. Practical Applications. Perma¬ 
nent magnets have innumerable uses in 
the practical field, which are too well 
known to require mention. Certain spe¬ 
cial uses have been suggested by the 
illustrations of types shown in Fig. 40-1. 

The chief medical uses have to do with the removal of small fragments of iron or 
steel from wounds, or from the eye. A typical “eye magnet” is shown in Fig. 
40-7. The larger hospitals may have, in addition, very powerful electro¬ 
magnets especially designed for the same purpose. Magnetic surveys with 
magnetometers of high precision have proved to be of great value as a geo¬ 
physical method of prospecting for oil or for other mineral deposits. It is reason¬ 
able to expect that any variations in the crust due to such dei)osits must cer¬ 
tainly affect the magnetic as well as the gravitational fields in the vicinities of 
the deposits. 
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Fig. 40-7. A special magnet designed to 
remove particles of iron from the eye 
(Courtesy of Ingram and Bell, Toronto) 


Problems 

1. Given a bar magnet 12 cm long with a pole strength of 240. Calculate the values 
of the forces on a unit N pole at each of a number of different points in the field in 
the manner suggested by Fig. 40-3(a). It is suggested that the magnet be drawn to 
full scale and that the distances be determined by direct measurement. The resultant 
forces should be represented vectorially, using a convenient scale. 

2. Find the force on the N pole of a long magnet if this pole has a strength of 
12 units and is 30 cm from each i)ole of a bar magnet who.^e length is 30 cm and whose 
])ole strength is 300 units. Ignore the S pole of the first magnet. 

3. Find the field strength due to a bar magnet 12 cm long at a point 8 cm from its 
mid-point in a line normal to the axis of the magnet, assuming the pole strength of 
the magnet is 200 units. (4«.s. 2.4 oersteds) 

4. Imagine that the magnet of Problem 3 were placed horizontal on a sheet of paper 
with its axis pointing in the direction of the earth s magnetic lines of force. Make a 
diagram indicating roughly the two points where the horizontal field of the magnet 
would neutralize that of the earth. (Optional.) Calculate the distance of such a iioint 
from each pole assuming the earth’s horizontal field is 0.20 oersted. 

5. Calculate the torque required to hold the magnet of Problem 3 at an angle of 
30® with a magnetic field of 0.20 oersted. {Atis. 240 dynes/ern) 

6. An observer at Washington finds the horizontal field strength to be 0.1S2 oersted 
and the angle of dip to be 71®. Find the vertical component, V, and the resultant field, 
R, at this location. 

7. How many lines would pass through one square meter of a vertical east-west wall 
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and also the same area of the floor, assuming the field of Problem 6? {Ans. 1820 lines, 

5290 lines) 

S. Two bar magnets lie in the same straight line with the N pole of the one facing 
the S pole of the other and 6 cm from it. If the lengths and the pole strengths of the 
two magnets are, respectively, 20 cm, 200; and 24 cm, 300; find the net force be¬ 
tween the magnets. 

9. Students will probably have observed that as a small compass needle is brought 
nearer to a magnet its frequency of oscillation rapidly increases. It can be proved that 

this frequency varies directly as \/H, where H is the strength of the magnetic field, 

just as the frequency of a particular pendulum varies as \/g. A certain short sus¬ 
pended magnet was found to make 72 vib/min in open spaces about the campus 
where the horizontal component of the earth’s field is 0.2 oersted. In the laboratory 
the frequencies observed at three different stations were 60, 75, and 56 vib/min. Find 
the intensities of the field at these stations. Account for the variation. (Ans. 0.139, 0.217, 
and 0.121 oersteds) 

10. A student placed a short pivoted magnet 20 cm north of the N pole of a long 
bar magnet and observed the magnet to make 120 vib/min. Only 72 vib/min were 
made after the magnet was removed and only the earth's field of 0.2 oersted affected 
it. Find the field strength effective with the magnet present and also deduce the 
pole strength of the bar magnet, neglecting the effect of its distant pole but allowing 
for the earth’s field. 

11. A 6"Cm bar magnet having a pole strength of 20 was placed in a uniform mag¬ 
netic field of 200 oersteds. Find the force exerted on each of the poles, and the torque 
that was required to hold the bar at an angle of 30° with the field. Explain whether 
there would have been any net force tending to move the magnet along the field. {Ans. 
4000 dynes, 12,000 dyne-cm) 

12. Find the magnetic field strength at a point 5 cm from the N pole and 12 cm from 
the S pole of a magnet 13 cm long and having a pole strength of 200. Show that the 
components of the field due to the two poles are at right angles and compute their 
resultant. Include a vector diagram. 

13. Make a diagram showing the probable effect of a large deposit of iron on the 
magnetic field (a) south of the ore body, and (b) north of it. 
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The historical development of our present concepts of electricity and of its 
applications would in itself be a most interesting subject for study. Perhaps 
no other branch of physics has been in the limelight so long, nor continues to be 
so important to the welfare of humanity. Electrical forces or properties played 
their part in the development of the universe, and electrical phenomena must 
have been observed throughout the existence of man himself. The first sig¬ 
nificant observations on record were made by one of the veiy wise men of 
ancient Greece, Thales, who lived about 600 b.c. Aristotle, Hippocrates, and 
Democritus made important observations and significant statements. Electro¬ 
therapy was already recognized by the time of Emperor Tiberius; for one of 
his freedmen, Anthero, reported in 50 a.d. a cure of his gout by the shocks of 
the electric torpedo fish, the only known source of high potentials at that time; 
and Galen, writing a century later, refers to the use of shocks from this source 
in the medical practice in his time. The science of magnetism and electricity 
might well be dated from the publication of “De Magnette” in 1600 by William 
Gilbert, the physician to Queen Elizabeth. This was virtually a treatise on all 
that was known at that time about magnetism and electricity; in fact he was 
the first to use the word electricity in the sense in which it is now employed. 
He chose it because electron was the Greek name for amber, the most reliable 
substance used in the production of electrical charges known in his day, just 
as it had been throughout the twenty-two centuries since the time of Thales. 
His book was the first classic of physics and did much to establish it as an ex¬ 
perimental science, rather than as a branch of philosophy. 

In 1660 Otto von Guericke built the first electrical frictional machine, after 
which progress was far more rapid as it thereby became possible to give public 
demonstrations of many electrical phenomena, and physicians thereafter had a 
controllable method of producing electric shocks. Spectacular demonstrations 
featured many social functions, and popular interest in electricity was main¬ 
tained. 

Actually the production of electric charges by “friction” was not understood 
at all, as the friction involved in the methods then employed had little to do 
with the matter, beyond assuring intimate contact between the two dissimilar 
substances employed in the process. From the veiy earliest time the method 
used consisted merely of rubbing a stick of amber or its equivalent witii wool 
or fur. The amber so treated would attract small, light objects with a force 
greater than their own weight; the amber was said to be electrified. Other sub- 
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stances such as glass, rubber, ceramics, and some animal materials were found 
to behave in a manner similar to amber when rubbed by the proper material. 
It was later found that even metals could be electrified if kept insulated while 
being rubbed and, finally, it was established as a general principle that any sub¬ 
stance can be given an electric charge by the methods of “static electricity, 

as this field came to be known. 

41.1. Kinds of Charges. Ebonite, rubbed with flannel or with fur, becomes 
charged readily and so does a glass rod rubbed with silk, but the electrifications 
produced in these two cases differ in a very significant way. Suppose that an 
ebonite rod be charged and mounted on a needle point as indicated in Fig. 
41-1 (a). It will be found that a second rod, similarly electrified, will repel 

either end of the mounted rod; but that a glass rod, 
electrified by silk, will attract rather than repel either 
end of the mounted rod. Similar demonstrations can be 
carried out by means of suspended pith balls. If one 
were to try out similarly any other pair of substances, 
it would be found that the charge on any body would 
be like either that on the ebonite or that on the glass, 
hence the conclusion that there are definitely two kinds 
of electrical charges and only two. Benjamin Franklin 
(1706-1790) arbitrarily named the charge on the glass 
rod positive electricity. As matters developed the 
reverse would have been much better, but once this 
charge was defined the signs of all charges became 
fixed. It was early observed that the silk acquire a 
negative charge while the glass rod was being charged, 
and the fur a positive charge while the ebonite (or amber) was being rubbe an 
made negative. Moreover the amounts of charge were apparent y 
the silk-glass-rod combination as a whole had no net charge either 
after being rubbed together. Thus it was established that the process o 
trification consisted merely of the separation of positive froin "^gative dect 
itv and it was apparent that all matter must contain these two 
electricitv. In the light of the present knowledge of electricity such ^ ^ 

would be the first •‘guess” to be made, but that the early observers taW.she^ 

this principle before there was any electron theory or any ^nowledg th^^ 
electrons existed is, indeed, a compliment to them. Also, their discov ij 
general principle that like charges repel and vnlike charges attract each a her 
tL of great use in the further development of the study and use of elec 

41.2. Electron Theory of Matter, Electrostatic Senes. 

of matter is familiar to all students in chemistir or ™ 

wav to the public in general. Briefly stated it is the present belief that the 

of everv substance consists of a positively charged nucleus 
or more electrons, much as the sun is surrounded by the planets, and that ato 


Fig. 41-1. Either end of 
a jiivoted charged eb¬ 
onite rod is repelled by 
a similarly charged 
body (or attracted by 
an oppositely charged 
body) 



CONDUCTORS AND INSULATORS 435 

differ in the number of associated electrons and in their arrangement, just as 
has been pointed out in spectroscopy. If one of any two unlike substances in 
contact is more tightly bound to its peripheral electrons than the other, then 
on separation there is a probability that it will rob the other of some of its 
electrons. It would become, thereby, negatively charged and, incidentally, leave 
the other with a deficiency of electrons, that is, with a positive charge. The two 
charges must be of like magnitude, since the gain in one is at the same time the 
loss in tlie otlier and the reason why the silk-on-glass combination gave no evi¬ 
dence of charge whether rubbed or not, prior to the separation of the silk from 
the glass, requires no other explanation. No two atoms have exactly the same 
electronic “states”; hence it is not surprising that separations of charge may 
occur when they are brought into contact and then separated. It has been pos¬ 
sible to arrange all substances in an electrostatic series such that any substance, 
after contact with a substance below it in the list, will be left with a positive 
charge. The difference between those falling near to each other in the series 
would be very small; thus for a strong effect one selects two substances well 
separated in the list with one of them preferably a soft, yielding substance in 
order to make possible an intimate contact. Incidentally, it should now be 
apparent that the only useful purpose served by friction is to insure close con¬ 
tact; the charges are not produced by friction, as believed for centuries. Only 
a few of the more commonly used substances are included in the following list: 
glass, wool, cat fur, calcium, lead, silk, aluminum, cotton, paraffin wax, ebonite, 
copper, rubber, sulfur, gold, and platinum. Thus it is seen that silk is negative 
with respect to glass, but would be positive after being rubbed on sulfur. The 
actual order in the list depends much on the condition of the surface of the 
materials. 

41.3. Conductors and Insulators. For many centuries substances were 
divided into two groups, those which could be electrified, such as glass, amber, 
etc., and those which could not be, such as metals. It is now obvious that the 
latter could not bo electrified simply because the bodies were held in the hand 
when being studied and any loss or gain of electrons, as the case may have been, 
was constantly neutralized by a supply of electrons flowing one way or the 
other along the body. It is now realized that the electrons in some bodies are 
so bound to their atoms or molecules that they are not free to migrate from one 
point to another, which is the case of glass and many other substances. Such 
substances are known as nonconductors or insulators. In other materials, in 
silver for example, the electrons will drift along the body in the direction of 
the effective field, however small it may be. This is a characteristic of conduc¬ 
tors in general. AVhen this distinction became understood it was found iiossii)lc 
to electrify the conductors also by simply having them mounted on insulators 
while being rubbed, and the old distinction between electrics and nonelcctrics 
was dropped. There are all degrees of conduction, also of insulation: silver, 
copper, and aluminum are excellent conductors; in fact metals, in general are 
good conductors; and quartz and sulfur, glass, mica, oil, and amber arc 
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examples of excellent insulators, as are also gases in general under normal con¬ 
ditions. The human body and most moist substances are fair conductors. All 
are familiar with both classes of substances. Our electric energy could not be 
delivered except for conductors, nor made to follow the conductors to their 
destination except by the use of nonconducting or insulating supports for the 
conductors. No telephone or radio set would be possible without both. Under 
conditions of high humidity many substances normally insulators exhibit 
surface conduction to a troublesome extent. On the contrary, in a dry atmos¬ 
phere one may experience annoying electric shocks when walking on a woolen 
rug or when wearing a fur coat. Also, there may occur separations of electric 
charges sufficient to ignite, by resulting electric sparks, explosives such as 
gasoline in an unloading truck, ether vapor in the operating room of a hospital, 
or combustible gas escaping from any system. Gasoline trucks generally have a 
dragging chain to conduct to the ground any charges produced, as rapidly as 
they develop. 

41.4. The Leaf Electroscope. A good illustration of the use of conductors 
and insulators is seen in the construction and operation of the familiar gold leaf 
electroscope, of which one form is shown in Fig. 41-2. A gold leaf of extreme 

thinness is mounted to hang along the face of a nar¬ 
row plate and both are supported by a rod leading 
to a knob, as shown. This leaf system must be well 
insulated from the metal shell of the case and the 
latter should have a conductor connecting it to the 
“ground,” for reasons that will appear later. AVhen 
the knob is touched by a conductor having an excess 
of electrons, that is, one which is “charged nega¬ 
tively,” the electrons thereby acquired by the leaf 
system spread out over all its parts including the 
leaf and blade. These, having like charges, mutually 
repel and the leaf, being free to move, is deflected by 
an amount which increases with the quantity of 
charge received. The deflection may be observed di¬ 
rectly by the eye or, with the type shown, projected 
onto a screen. If the electroscope, thus charged, should be touched by the han 
or by a wire connected to, say, the plumbing or to a “ground wire, which means 
to the conducting earth, the excess electrons would escape and leave the elec ro 
scope neutral again. The leaf then would fall, simply under the force of gravi y 

as would any other body. ^ j i the 

The action is similar when a positively charged conductor is connecte o 

neutral electroscope, except in this case the electroscope shares its own 

of electrons with the foreign body. This w'ill leave the electroscope 

deficiency of electrons; in other words, with a positive charge. The net resu i 

the same as it would be if the positive charge also moved. It was long 

that either charge could move in a conductor, in agreement with the wo 



Fig. 41-2. Simple gold- 
leaf electro.scope with 
groiindod case, suitable 
for projection of deflec¬ 
tions 
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theory of electricity; but, as now understood, the positive charge is associated 
with the nucleus of the atom and is inseparable from it. Again the leaf and 
the plate have the same charge and, as before, mutually repel. 

Electroscopes may be charged not only by conduction, as in the cases above, 
but also by induction, in the following manner. Bring a positively charged 
body, Q, sufficiently near to an uncharged electroscope to produce a deflection 
of the magnitude desired. The deflection is due to the positive charge on the 
leaf remaining behind as the electrons are drawn up to the knob. If, now, Q is 
removed the leaf will fall, since no charge was added to or removed from the 
electroscope. Again present Q, but this time touch or otherwise connect the 
knob to the earth. Observe that the leaf falls, as might be expected, since the 
earth supplies any charge needed to satisfy the force due to the inducing charge 
in the particular position occupied, and the leaf and plate can revert, therefore, 
to their normal neutral condition. Now break the earth connection and observe 
that whichever way Q is moved the leaf deflects. When Q is taken nearer, the 
deflection is due to the additional positive charge induced on the leaf; and when 
Q is moved away, the electrons received from the earth are free to spread over 
the leaf system and the electroscope is left charged negatively by induction. 
The leaf is neutral for only the one position. To charge the electroscope posi¬ 
tively by induction one would follow exactly the same procedure, only the in¬ 
ducing charge would have to be negative. Thus it may be seen that, when an 
electroscope is charged by induction, the inducing charge must be opposite in 
sign to the sign of the charge desired on the electroscope; when charged by 
conduction a source-charge of the same sign as the charge wanted on the electro¬ 
scope is used. 

41.5. Some Uses of the Electroscope. Suppose an electroscope is given a 
positive charge and an additional positive charge is brought near to the knob. 
Electrons from all over the leaf system will be drawn near the charged body 
and the leaf will be left with a greater deficiency of electrons than before, hence 
it will show a greater deflection. On the other hand, the presentation of a body 
bearing a negative charge will drive electrons to the leaf and in part, wholly, or 
more than neutralize the positive charge initially on it, depending on the charge 
and on the nearness of the body. The electroscope thus may be used as an in¬ 
dicator of the sign of an unknown charge and also of its magnitude. For quanti¬ 
tative work it is necessary to provide a tclemicroscope with an eyepiece scale, 
in a suitable position for observing the fall of the leaf. The rate of fall of the 
leaf over a definite range of the scale gives a measure of the ionization effect, 
for example, of the radiations from radium or from an x-ray tube (see later 
chapters). Nearly all of tlie early quantitative work with radioactive .sub¬ 
stances was carried out with some form of gold leaf electroscope; no ordinary 
electrical instrument could approach it in sensitivity. 

41.6. The Law of Electrostatic Force between Charges. It has been found, 
above, that like charges repel and unlike charges attract each other, which is 
analogous to the behavior of magnetic poles. One might well expect the quanti- 



438 


ELECTROSTATICS 


tative relations, also, to be of the same character. This was verified with pre¬ 
cision by the French engineer, Coulomb, in 1780, by the use of a torsion bal¬ 
ance. He found that like charges repel each other with a force proportional 
to the product of their charges and inversely as the square of the distance 
between them; also that the force depends on the medium surrounding the 
charges. The algebraic statement of the Coulomb Law is: 

F = q^q2/kd^ 

The meaning of the various symbols must depend, of course, upon the choice 
of units, but in the absolute system of electrostatics the force, F, is in dynes, 
the charges, q.^ and q^, in electrostatic units, and d is in centimeters. The con¬ 
stant, k, takes care of the dependence on the medium. For charges in a vacuum 
fc = 1, and it may be taken as unity for air, also, for all practical purposes and 
in the solutions of problems. It is known as the dielectric constant. If qi and qz 
are made equal and given values such that the force is 1 dyne when the distance 
is 1 cm and /c = 1, then q^ = q-i—q- Hence q~ = \ and q~ In words, a unit 
charge is defined as that charge which, in a vacuum, repels a like charge at a 
distance of one centitneter with a force of one dyne. By some it is referred to 
simply as the electrostatic unit of charge, but the name statcoulomb is gaining 
wide use. 

Since charges do repel or attract each other at a distance there must be a field 
of force surrounding the charges analogous to the fields about magnets. That 
such fields exist may be demonstrated by the use of fluffy powders or of short 
clippings of hair, in the manner employed in showing the magnetic fields about 
magnets. They have much the same form. The field strength is likewise defined 
in a similar manner; the strength of an electrostatic field is determined in 
magnitude and direction by the force it exerts on a unit positive charge. 
It may be represented conveniently by lines of force, the number per square 
centimeter normal to their direction being made equal to the force experienced 
by a unit charge at that point. The force on a charge of 20 statcoulombs in a 
field of 5 units is 100 dynes. 

41.7. General Application of the Concept of Lines of Electrostatic Force. 
In many respects lines of electrostatic force are closely analogous to those o 
magnetic force; the definition is similar, they exhibit tension along their direc¬ 
tion, sidewise repulsion, etc., but in another respect their difference is striking. 
Magnetic lines were considered as passing through the magnet, but the lines 
of electrostatic force end at the surface. Magnets have two or more poles, whi e 
free conductors have only one kind of charge at a time; a touch of a grounde 
wire may cause the charge to disappear, but a magnet retains its state, n 
other words, charges can be conducted, magnetism cannot be. Electric p c 
nomena are mainly concerned with the movement of electrons and they ar® 
the same for all atoms, while magnetic phenomena have to do with atoms or 
groups of atoms wdiich are so fixed that they retain the orientation character 
istic of magnetized bodies. 
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Electrostatic lines of force, by definition, all start from a positive charge 
and end in a negative electric.charge of equal strength, as far as any particular 
group of lines is concerned. The electric charges on the leaf of an electroscope 
are really pulled toward charges of like magnitude but of opposite sign on the 
case of the instrument, as indicated in Fig. 41-3(a). The lines of force from a 
positively charged isolated spherical conductor would be uniformly distributed 
over its surface and leave in a radial direction. Each line ends in a negative 
charge some place. If, now, this sphere be brought near to two conductors in 
contact, as represented by A and B in Fig. 41-3(b), the lines from Q would find 
electrons on A and B and, through the attraction between the charge on Q and 
these electrons, represented by the tension on the lines, these electrons would 



Fig. 41-3. Nature of the electrical field (a) within a charged golf-leaf electroscope, 

and (b) about a combination of bodies as shown 

be pulled along the surface until the sidewise repulsion of the lines balances the 
tendency toward further contraction and the lines are normal to the surface, 
as shown. The equivalent positive charge left behind on B would have an equal 
number of lines extending out to some other negative charge, perhaps on the 
walls of the room. If, while the body Q is present, the bodies A and B are 
separated, it will be found that A is left with a negative charge and B with a 
positive. Each has been charged by induction and no friction was employed. 
In general, charges may be more efficiently produced by induction than by fric¬ 
tion as, in the latter case, much of the energy is wasted in overcoming friction. 

Experimentally it is found that there are no lines of force inside a hollow 
conductor if there are no independent charges therein. This fits in with the 
general concept since there could be no way for any lines to end on charges of 
opposite sign. It is a common practice to enclose delicate electrical instruments 
in metal sheet or screen boxes in order to protect the instruments from erratic 
changes in the electric field in the laboratory. All radio sets are provided with 
shields for critical parts to eliminate some of the local "static.” Similarly, 
sources of electric field disturbances, like motors, x-ray machines, diathermy 
machines, etc., must be enclosed with metal screens to keep the disturbing lines 
of force from being added to the “air.” When thus shielded the lines of force 
from charges on such electric machinery end on the screen immediately sur- 
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rounding them. Under present rules a physician would not be allowed to operate 
some of the older types of diathermy machines except in a screened room. 

The famous Faraday Ice Pail Experiment may be explained readily on the 
principles given above. If, as shown in Fig. 41-4, a charged body, Q, is lowered 
into a metal cup, C, forming a part of a neutral electroscope system there will 



Fig. 41-4. An arrangement for demon¬ 
strating the Faraday ice-pail experiment. 


be induced on the inner surface of C 
an electric charge equal and opposite 
to that on Q. For every unit of charge 
brought to the inner surface of C there 
is an equal but opposite unit of charge 
left on the rest of the system, and this 
causes the electroscope leaf to deflect. 
\Mien Q is touched to C the two inner 
charges neutralize each other, but the 
deflection of E does not alter and the 
final result is as though Q had been 


touched to E or to the outside of C in the first place. Again it is seen that 


charges separated by induction are equal and opposite in sign. For this ex¬ 
periment Faraday used a small ice pail—hence the name. 

41.8. The Distribution of Electric Charges on Conductors. While lines 
from an isolated charged conducting sphere would be radial and uniformly dis¬ 
tributed over the surface of the sphere, this is far from true of an irregularly 


shaped conductor in the neighborhood of 
other charged bodies, as may be seen in 
Fig. 41-5. The more oblique the line of 
force with respect to the conducting sur¬ 
face—that is, the more slender the cone 
—the more effectively will the line pull 
its attached charge along the surface 
toward the point. The final position as¬ 
sumed by any element of the charge will 
represent a balance between the tension 
along the line and its sidewise repulsion. 
The line must then, as in all cases where a 
charge is at rest on a conductor, leave the 
conducting surface in a normal direction. 



Fig. 41-5. The electric field is intensi¬ 
fied about points and sharp curves, but 
is nonexistent within a cavity in a con- 
tluctor unless there is an insulated 
charge within the cavity. 


Otherwise there would be a component of 

electric force along the surface and this would cause further motion of the 
charge. It is found that the relative density of the surface charge in general 
varies inversely as the radius of curvature of the charged conductor. This ex 
plains the importance of having smooth, rounded surfaces on all conducto^ 
employed at high potentials. Otherwise the density of charge on a point might 
become so great as to ionize the air and thereby allow the charge to escape, 


at least in part. 


THE VAN DE GRAAFF ELECTRO&fATlC GENERATOR 
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41.9. Electrophorus. The electrophorus is a device for producing electrostatic 
charges by induction. Its construction is very simple, as is evident from 
Fig. 41-6, The lower plate, S may be of sulfur or of ebonite and may be given 
a strong negative charge by being rubbed with a piece of cat fur. A metal plate, 
Pj when placed on S will have induced on its lower face a positive charge equal 
to that on S, and on its upper surface a negative charge of the same magnitude. 
If the plate is lifted beyond the influence of S its two unlike charges reunite and 
it is again neutral. Next suppose these steps are repeated but that the plate is 
earthed while on S. This allows the upper face to be neutralized by the escape of 
its electrons to the earth exactly as in the charging of an electroscope by in¬ 
duction, but the positive charge on the lower is unaffected since it is bound to 
the charge on S, When the plate is lifted, as shown in the diagram, work will 
be done and, when well removed, its charge 
will be isolated. The plate is thus left with a 
positive charge available for use. The plate 
may be discharged by bringing it close to a 
grounded conductor. Indeed an electric spark 
may be detected as the approach is made. 

These steps may be repeated indefinitely with¬ 
out loss of the original charge on the plate, 

S, for the energy represented by each electrical 
discharge really comes from the work done in 
lifting the plate against the tension of the lines 
of force joining the charge on S with that in¬ 
duced on P. S. is an insulator, hence does not 
give up its charge to P except at the few points of close contact. This simple 
device offers a clear example of the basic principle of all electrical generators; 
that is, the work done in separating unlike electric charges is the source of the 

energy of the charges thereby made available. 

The Wimshurst electrostatic generator has long been employed in labora¬ 
tories to demonstrate the production of electrostatic fields so intense as to 
ionize and break down the resistance of the air between two electrodes and 
thereby to produce an electric spark. Its operation can be explained best by a 
demonstrator with the machine at hand. Essentially the Wimshurst machine 
consists of one or more pairs of glass or ebonite disks closely adjacent but 
revolving in opposite directions. Charges on the metal sectors on one disk act 
inductively on the sectors of the other and these charges are separated through 
the rotation of the disk and made available for demonstration. At one time 
large models were used to operate x-ray tubes, but they no longer are in prac¬ 
tical use. 

41.10. The Van de Graaff Electrostatic Generator. The only electrostatic 
generators of much practical use are those involving in some form or other the 
principle first put into successful use by Van de Graaff. A relatively small model 
which is capable of yielding a potential of about a half-million volts is shown 



Fig. 41-6. The electrophorus pro¬ 
vides a convenient method of sep¬ 
arating electric charges 



442 


ELECTROSTATICS 


in Fig. 41-7. Its operation depends on the tendency of charges within a space 
enclosed by a conductor to flow to the outer surface and on the fact that charges 
escape only from the outer surface of a conductor. The scheme, therefore, is to 
introduce mechanically charges into the interior of a large rounded conductor 
and allow them to pass to the outside surface. The basic principle has been 
employed in many forms, but may be understood through the help of the 
diagram given. In this, B is a belt driven at a speed of about a mile a minute 
by means of a suitable motor. At P there is a series of metal points which spray 
a negative charge onto the moving belt. These electrons and the strong field 

needed to cause them to be discharged onto the 



Ftg. 41-7. Van de Graaff 
type of Electrostatic Gener¬ 
ator (From Ilausmann and 
Slack, Physics, D. Van No¬ 
strand Co., Inc.) 


belt arc supplied by an auxiliary generator, A. The 
negative charge thereby acquired by the belt is 
sufficient to neutralize any positive charge that 
may have been brought down from the upper con¬ 
ducting shell, T, and to leave a net charge which 
is carried by the belt into the interior of T. Here 
the electrons are picked off by a comb of points 
at Q and delivered in part to T through S and in 
part to the upper pulley, U. The latter becomes so 
strongly negative that it causes the portion of the 
belt in contact to “over-discharge” through R ioT 
and thereby to leave the belt with a positive charge. 
Thus the same belt is made to serve both going and 
returning, and the charge on T keeps mounting 
until the leakage through insulation or loss through 
the air plus any charge being used exactly balances 
the charge received. For use in research in the field 
of nuclear physics Van de Graaff generators yield¬ 
ing several million volts have been built. To reduce 
the losses due to discharges into the air the con¬ 


ductor T must be made very large. The electrodes of one of the largest genera¬ 
tors yet made are 15 ft in diameter. This difficulty may be met alternatively 
by building smaller electrodes but enclosing the whole generator in a steel 
tank capable of withstanding high pressures of gas in wdiich gaseous discharges 
are correspondingly repressed. Small models of the Van de Graaff generator are 
made commercially for demonstrations in classes. 

41.11. The Discharging Property of Pointed Conductors. It has been 
pointed out that the field near a sharp point on a charged conductor is very 
much more intense than elsewhere. When this field is sufficiently high any 
gaseous ions near the point fand these are constantly being produced by cosmic 
and other radiations) may approach the point with such velocity as to ionize 
other molecules and thereby initiate a breakdowm in the air. Such a breakdown 
permits the discharge of the pointed conductor, either in the form of a quie , 
“brush discharge” easily visible in a dark room as a purplish glow, or in t e 
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form of a spark discharge accompanied by a sharp sound. In this discharge ions 
in the surrounding air which have the same sign as that of the charge on the 
body will be repelled and the stream of such ions and any neutral molecules 
caught in the stream will effectively produce an “electric wind” which may be 
of sufficient intensity to blow out a candle. Or, if the point is free to move, as 
provided by the electric whirl shown in Fig. 41-8, the point may be pushed back 
with sufficient force to cause such a device to rotate. 

Soon after the discovery of the discharging effect of points, Benjamin 
Franklin put it into practical use through the invention of the lightning rod. 
It was in 1750 that he sent a letter to the Royal Society suggesting tliat the 
discharging effect of points, which was described in the letter, might be applied 
to the protection of buildings from destruction by light¬ 
ning. It was at this time he performed his famous kite 
experiment which involved flying a kite equipped with 
sharp points and performing various experiments witli 
electrical charges conducted to the ground by the wet 
string. He thus identified the atmospheric electricity with 
that of the laboratory, a basically important advance, 
but a dangerous experiment which has proved fatal to 
more than one subsequent experimenter. Franklin’s ini¬ 
tial theory as to the action of lightning rods is still con¬ 
sidered to be the correct one—the points carried by the 
rods discharge into the air and thereby weaken the field 
about the rods and tend to neutralize any charge being 
built up in the clouds before they “come nigh enough 
to strike,” using his words. Fortunately they have in reserve a second func¬ 
tion: if they should fail to give off charge sufficiently rapidly to prevent the 
discharge then they still may offer the best path for the lightning discharge to 
the ground and so protect the rodded building. 

The actual danger due to the possibility of shock not only from lightning 
discharges but also from the high potential discharges now produced within 
laboratories, is not always appreciated nor intelligently met. As explained above 
there is no electric field within a closed conductor, hence one is safe from 
lightning within a metal clad building, even under a metal roof provided it is 
joined to moist earth by several metallic paths of high conductivity. One should 
be safe in the modern car as they are now made with metal bodies, but he is not 
at all safe when serving as the highest conducting point on a tractor, or even 
standing in an open field, or serving as a virtual link between a fence, a tele¬ 
phone or power wire, radio antenna, or even the metal valley of his roof and the 
ground. He is a better conductor than many of the objects surrounding him. A 
person near to, but not actually struck by the “bolt” may be stunned due to the 
quick return to earth of the charge induced previously in his own body—a 
charge which is freed by the collapse of the main field. Deaths from shock gen¬ 
erally result from the failure of vital processes to be maintained by the stunned 



Fig. 41-S. .4 method 
of demonstrating the 
electric “wind” from 
a highly charged me¬ 
tallic point 
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nerve centers and, in many cases, lives could be saved by the usual measures of 
artificial respirations, etc., if promptly taken. 

41.12. Solutions of Problems in Electrostatics. Forces between electro¬ 
static charges should be treated in exactly the same way as forces were treated 
in mechanics—that is, as vector quantities. The new principles to be kept in 
mind are that like charges repel and unlike attract, also that x units of one 
charge will neutralize exactly x units of a charge of unlike sign when the two 

charges are allowed to combine. A 
typical example will illustrate the 
method of attack on problems in this 
field. 

Example: Small spherical conduc¬ 
tors, A, B, and C, carry charges of 
50, —50, and 100 statcoulombs, respec¬ 
tively. Find the force on C (1) when 
the centers of the spheres are 5 cm 
apart and in the same straight line as 
shown in Fig. 41-9(a), and (2) when 
C is 5 cm from each of A and B. 
A charged sphere may be treated as 
though its entire charge were concen¬ 
trated at its center. 

The charge C is attracted by B but 
repelled by the charge A. Hence the net 

force on C (assuming A; = 1) is: (50 X 100 )/ 10 ^ — (50 X 100)/5^ — “150 
dynes. This force is one of attraction and is in the direction indicated in (a). 

In part (2) C is 5 cm from each of A and B as shown in (b), and the forces 
have equal magnitudes, each being (50 x 100)/5^ = 200 dynes. Their directions 
make an angle of 120° with each other. Since their resultant force forms a 60 
angle with each, it has the same magnitude, 200 dynes, but its direction is 
parallel to the line AB, as indicated in Fig. 41-9(b). 
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Fig. 41-9. A vector method of finding a 
rc&ultant field by combining two or more 

electric fields 


Problems 

1 f'lnrt'CS of 40, -48, and 60 statcoulombs are in a straight line at points A B, and 
C, respectrvely. Find the net force on B if .4B = 8 cm, and BC = 12 cm. 10 dynes 

T\TO*charges of 250 statcoulombs are 12 cm apart. Find the magnitude and direc¬ 
tion of the field at a point 10 cm from each of them if the charges are (a) unlike m 
=i-n and (b) of like sign. Include a vector diagram which serves for ™th cases. 

"s’ A light, insulated, spherical conductor is hung from one end 
0 cm directly over a similar but fixed body, and the beam balanced. How much wouM 
its apparent weight be affected, in milligrams, if each conductor were given a charge 

of 120 statcoulombs? (Ana. 408 mg) statcoulombs, 

4, Two like, small spherical conductors carry charges of -12 and -1-42 statcouiom , 
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respectively. After being touched together they are suspended so that their centers 
are 9 cm apart. Find the force between them. 

5. Charges of 72 and of —300 statcoulombs are in a north-south line 8 cm apart. 
Find graphically the resultant field (a) at a point 6 cm east of the charge of 72, and 
(b) at a point 6 cm east of the charge of —300. Include a diagram which is made to 
serve for both parts. (Ahs. 2.42 dynes/statcoul, 7.9 dynes/statcoul) 

6. Charges of —72, 150, and 160 are respectively at the corners A, B, and C of a rec¬ 
tangle. Find the field, at the fourth corner, D, if AB — 8 cm and BC = 6 cm by com¬ 
bining the three separate forces vectorially. Include your diagram. 

7. Two small spherical equally-charged conductors 4 cm apart repel each other with 
a force of 50 mg. Find the charge on each. (Ans. 28 statcoul) 

8. If the charge on an electron is 4.S0 X 10"^® statcoulombs, how many electrons 
would have to be received by an insulated body to give it a charge of 1 statcoulomb? 

9. Find the neutral point between charges of 300 and of 192 statcoulombs, which 
are 9 cm apart. The solution of a quadratic equation is involved. It is recommended 
that it be carried out and that an interpretation of the second algebraic root of the 
equation be made. (An5. 5 cm from the charge of 300 statcoul) 

10. A sphere carrying a charge of 20 statcoulombs is slowly lowered toward a 12-mg 
pith ball carrying a charge and lying on an insulator. When the distance becomes 2 cm 
the ball jumps to the sphere. What is the charge on the pithball? 

11. In dry climates printers and mimeograpliers are handicapped in their work by 
the sticking together of the printed sheets. Explain this effect. List any phenomena you 
have observed which were due to like causes. 

12. A 20-mg gilded ball carrying a charge of 6 statcoulombs and suspended by a 
cord 30 cm long is pulled to one side by a sphere, mounted on an insulating rod, 
charged with 36 statcoulombs and held with its center in the horizontal plane passing 
through the center of the ball. What angle would the cord make with the vertical 
if the center of the ball is 4 cm from that of the sphere? Would your solution be the 
same for a cord 40 cm long? Explain, using a diagram. 

13. Calculate the electric field strengths at intervals of 1 cm up to 12 cm from the 
center of a small sphere carrying 240 statcoulombs. (Use the Coulomb law, making 
r /2 = 1). Plot these ordinates against distances as abscissas and draw a curve repre¬ 
senting the variation in field strengths with distance from a charge of 240 statcoulombs. 
This curve should help you to understand why small light objects such as bits of paper 
or hair tend to jump toward charged bodies as they approach. 

14. Find the force between an alpha particle and the nucleus of a gold atom when 
they are 10"® cm apart if their charges are resi>ectively 9.6 X 10"'® and 3.79 X 10"® 
statcoulombs. Forces of this sort play an important part in nuclear physics, as will be 
shown in later chapters. Actually Rutherford fouml a high speed alpha might approach 
to within 3.2 X lO"'^ cm of a gold nucleus. What would be the force for this distance? 
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Quantitative Aspects of Electrostatics 

The basic ideas of ineclianics relating to forces and to work or energy can 
be carried over to the less tangible field of electricity. In the last chapter it 
was found that electric charges exert forces on each other and that a force is 
exerted by an electric field on a charge, really two aspects of the same thing. 
If, then, a charge is moved against the electric field, work is done and the 
amount of work is given by the product of the force (assumed uniform) and 
the distance moved in the direction of the force. To move a charge of g a dis¬ 
tance of s along, but against, the lines of force requires an expenditure of QS 
ergs of work if q is measured in statcoulombs and s in centimeters, assuming 
the field strength is unity. In case the directions of motion and of the lines of 
force are not the same but make an angle of 0 with each other, the work done is 
gs cos 0. But the work done is not lost any more than the work done in lifting a 
mass, for it may be recovered by arranging a return to the initial state. In 
mechanics a mass is given energy by being lifted to a higher level; in electricity 
energy is acquired by a charge through being lifted to a higher potential, or 
expressed in another way, giving a charge energy amounts to giving it a higher 
potential. In mechanics the difference between the levels of two floors of a 
building could be defined by the energy in foot-pounds required to lift a mass 
of one pound from the one level to the other. Actually, in electricity the dif¬ 
ference in potential between two conductors is yneasnred by the work done in 
taking a unit charge, a statcoulomb, from one body to the other and is measured 
in statvolts. The total work done is independent of the path followed. Thus 
statvolts are analogous to height in feet and electric force is analogous to 
gravitational force. The student should distinguish between electric potential 
and electric force just as clearly as between height and gravitational force. 

42.1. Calculation of Potential Difference. One is unlikely to be interested 
in knowing how high this or that floor is, but rather in their difference in height. 
If an ‘'absolute value” is required, sea level is by general acceptance the zero 
level. In matters dealing with electricity one is ordinarily concerned with only 
the potential difference (usually abbreviated PD) between two bodies, but if 
absolute values are needed one takes the potential of the earth as the zero of 
potential. The basic principles involved in determining potentials may be shown 
best by considering potentials in the region about a known charge, q, since the 
forces about an isolated charge are known from Coulomb’s law. Consider the 
work required to move a unit charge from an infinite distance to a point P at 
a distance of r from the charge q along the path indicated in Fig. 42-1. The 
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force at this point is {q X l)/(k X r-) or simply q/r^ (assuming /c = 1). At a 
somewhat greater distance, r^, the force is, similarly The difference in 

potential between the two points is measured by the work done in moving a 
unit charge through the distance — r. To calculate this, one must multiply 
this distance by the effective force. The latter is neither q/r^ nor q/f^ but the 
geometrical mean between them, or q/r as may be proved by the methods 
of calculus. Therefore the work done is simply — rl/rr, or q(\/r — l/r^). 

*If were assumed to be an infinite distance, or the total work done would 

be q(~ — i or simply q/tj since the value of is zero. Thus one finds that 
\r r® / 

the potential at a point at a distance of r centimeters from a charge of q stat- 
coulombs is q/r statvolts. In mechanics the work done in lifting a mass from 
one level to another depends on the difference between the levels, not on the 
path taken. As suggested in the previous section the same rule holds in dealing 
with electrical potentials—only their differences matter; potentials are scalar, 



Fig. 42-1. The potential and the electric field about a charged sphere varies with the 

distance in a manner which may be determined mathematically 

not vector quantities. This fact greatly simplifies many problems, for potentials 
due to a number of charges at a particular point may be added algebraically 
rather than as vectors. Two charges of equal magnitude but of opposite sign 
and each at a distance of r from a point P would produce a zero potential at 
P; that is, q/r -\— qlr = 0. In general the potential, V, is given by the relation: 

V — q^/^'i d" Qz/^z * * • 

in which negative charges carry the negative sign. It is a general principle that 
a positive charge raises and a negative charge lowers the potential of every 
point affected by its field. This principle is of great use in the solution both of 
theoretical and of practical problems. 

42.2. Potential of a Charged Sphere, Capacitance. The relation developed 
in the preceding paragraph may be applied directly to the case of a charged 
sphere, since the entire charge may be considered as concentrated at its center. 
The potential at a distance r is, therefore, simply q/r (assuming fc = 1, other¬ 
wise q/kr).T\\e potential of a sphere having a radius twice as great and carr>'- 
ing twice the charge would be the same, since 2q/2r -q/r. Thus it is seen that 
for a given potential the charge on the sphere varies directly as the radius. 
(It is a general principle that the size and shape of a conductor determines the 
charge which it will hold at a particular potential.) From the above relation it 
is seen that the ratio of the charge to the potential is numerically equal to the 
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radius of the sphere in centimeters; that is, q/V = r and r is a constant. A sim¬ 
ilar relation holds for every body—the ratio of its charge to the resulting 
potential is a constant and, by definition this constant is the capacitance of 
the body and is given in statfarads when q is in statcoulombs and V is in 
statvolts. The capacitance of a body is represented by the symbol C. In the 
case of a sphere the capacitance is numerically equal to its radius in centime¬ 
ters. Mathematically one may consider its charge as though it were concen¬ 
trated at its center. For only a few types of bodies can the capacitance be com- * 

puted from the dimensions in any simple manner. 

% 

42.3. Capacitance of Two Concentric Spherical Conductors, Also of Par¬ 
allel Plates. Suppose that a spherical conductor with radius carries a charge 
of q and is surrounded by a concentric spherical surface of radius r,, as indi¬ 
cated in Fig. 42-2. If the latter is grounded it will take on by induction a charge 
of ~q. The potential of the inner sphere is due to the two charges and is given 
by the relation: 

y ^ A _= = - n) 

kri kT2 k \ri T 2 ) krir^ 

If the two radii are nearly the same, as is generally the case, one may substitute 
the distance between the two surfaces, d, for To — rj, and for where r is 
the mean radius. This reduces the expression to the very simple form, 

V = qd/kr-. From this it follows that 


r - ± - M 

^ ~ y *“ d 


47rd 


kA 

47rd 


(since for a sphere A = Airr-) 


By expressing thus the capacity in terms of the area of the sphere, A, one ob¬ 
tains a relation of more general usefulness since it is valid not only for any 

part of the sphere but also for plane parallel plate arrangc- 

e ments, which may be considered as portions of spheres of 

infinite radius. The capacitance is measured in statfarads 
when k is the dielectric constant (1 for air), A is in square 
centimeters, and d in centimeters. It is seen that capacitance 
has the dimensions of a length. 

It is possible to develop this relation directly for a com¬ 
bination of two parallel plates. Coulomb’s law states that 
Fig. 42-2. The ca- p q x 1/kr-, where F is the force on a unit charge r 
]>;»citance of two centimeters from a charge of g in a region having a dielectric 

tric^^^rpherer^mry '^oiistant k. Since the area of a spherical surface having 
he readilv calcu- ^ radius of r is and since number of lines per square 

lated centimeter at a distance r is q/kr-, it follows that the total 

number of lines emerging from q is A-n-r-q/kr- or simply i^q/k. 
Tins is an important general relation and holds for any medium. In the case of 
a charge of q per square centimeter on each of two closely adjacent plates all 
the lines go directly across from one plate to the other, so the number of lines 
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per square centimeter is 4wq/k. The work done in taking a unit charge through 
the distance d which separates the two plates gives the potential difference be¬ 
tween the plates. From this it follows that F = 1 X d X Airq/k = ^irdq/k. 
Hence the capacitance per square centimeter is C = q/V = k/^ird or kA/^ird 
for a pair of plates each having an area of A, This expression is seen to be 
identical with that obtained above through the use of two concentric spherical 
conducting shells. 

' 42.4. Capacitors or Condensers. Suppose that an electroscope is connected 
to an insulated plate, M, as indicated in Fig. 42-3 and that the leaf system is 
given a charge of q statcoulonibs. If, now, a second insulated plate, N, is 
brought near to Af, as indicated, no effect on the deflection of E will be produced. 
But if N is grounded, as shown, the leaf will fall to a fraction of its former 
deflection even though no charge has been added to or removed from E. The 
reason is easy to see: a charge of nearly —q was drawn by induction onto N 



Fig. 42-3. Simple demonstration apparatus for showing the principles of capacitors 

and the presence of a negative charge lowers the potential of all points in its 
region; therefore the potential of E is lowered. This means that the deflection 
of E, which is in proportion to its potential, is correspondingly reduced. If the 
charge on E is increased, that on N is increased correspondingly. If it now re¬ 
quires ten times as much charge on E to produce the same deflection as it ini¬ 
tially had—that is, the same potential—then the capacitance of the E system 
has been increased tenfold. Early experimenters who looked upon electricity 
as a fluid imagined a condensation of electricity to take place on the plates, 
hence named the combination of two closely adjacent but insulated plates a 
condenser. In the interest of consistency it is better to call the device a 
capacitor, a name which is coming into wide use. One is able now to check by 
means of an electroscope the factors in the general formula. By experiment it is 
found that the capacitance is actually proportional to the area of the opposed 
plates and that the influence of N on M varies inversely as their distance 
apart, d. Suppose now that a sheet of glass having a thickness of d centimeters 
is introduced after the initial deflection has been regained. It will be observed 
that the deflection of the leaf falls to a fraction of its previous value. If tliis 
plate is removed the leaf will resume its former deflection, since no charge was 
added to or removed from the leaf system. If the plate is again inserted it will 
be found that it requires a charge about 6 times as large as it had before the 
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plate was interposed between M and N to restore the initial deflection. Thus it 
is seen that, by the addition of a glass plate, the capacitance of the MN plates 
has been increased roughly 6 times. Had the space been filled with a sheet of 
paraffin, the increase would have been by a factor of 2. The value of k for glass 
is 6; for paraffin, 2. Thus one has been able by this arrangement to check the 
third factor included in the formula for capacitance, for it is found that the 
capacitance is proportional to k; that is, to the dielectric constant of the 
medium filling the space between the plates. The general relation C = kA/And 
has been found valid and is usable whenever the opposed plates are very close 
together in comparison with their area or with any radii of curvature of their 
surfaces. The dielectric constants of several substances of importance in this 
field are given in Table 42-1. 


Table 42-1. Dielectric Constants 


Alcohol. 

20 

Oil. 

3 to 6 

Condensa (a solid)... 

40 to 80 

Oiled paper. 

2 

Ebonite. 

2.72 

Paraffin. 

2.1 

Glass. 

5 to 8 

Quartz. 

4.4 

Glycerine. 

56 

Shellac. 

30 to 37 

Mica. 

5.8 




Historians agree that the principle of the capacitor was discovered in Leyden, 
Holland, in 1746, but not upon the name of the discoverer. One writer claims 
that von Kleist was attempting to store electricity from an electrostatic machine 
by introducing it through a nail into a glass bottle filled with water and held 
in his hands. On inadvertently touching the nail he received an electric shock 
which “threw him down and nearly stunned him,” This and other observations 
led to the development of the Leyden jar, of which a typical form is shown in 
Fig. 42—4. It is simply a glass jar coated inside and outside with a conducting 
foil over the bottom and part way up the side as indicated. By using the gen¬ 
eral formula for capacitance (which applies only approximately), one may 
compute the capacitance of such a jar if given the essential dimensions. Suppose 
that the mean radius of the jar is 5 cm, its wall thickness 3 mm, the height of 
the coating on the side 12 cm, and that the dielectric constant of the glass is 6. 
The capacitance of the jar is 

^ ^ M = + 2.5 X 12) . ^ 6(25 + 120) ^ ^^5 statfarads (or cm) 

47ra 47r0.3 1-2 

The charge required to give this jar a potential of, say, 10 statvolts is: 

Q = CV = 725 X 10 = 7250 statcoulombs. 

Similarly, a charge of 10,000 statcoulombs would raise the potential difference 
between the two plates to 10,000/725 or 13.8 statvolts. 
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The upper limit to which a Leyden jar or a capacitor of other form can be 
charged is fixed by the ability of the insulator between the plates to withstand 
the stress due to the intense forces acting on the bound electrons of their atoms. 

Capacitors or condensers are now available in many different forms, some 
of which are shown in Fig. 42-5. The type formerly used widely in laboratories 
and still often employed in research work, is shown in (a). A very popular type 
is made by two sheets of very thin metal foil separated by sheets of waxed 
paper and rolled into a compact body, A capacitor of this type, encased in 



Fig. 42-4. Capaci¬ 
tors made by par¬ 
tially covering glass 
jars, inside and out, 
with tin foil, are gen¬ 
erally called Leyden 
jars 



(c) (d) 


Fig. 42-5. Common forms of capaci¬ 
tors. (a) Multiple parallel-plate, (b) 
long sheets of tin foil separated by 
strips of waxed paper, rolled into a 
compact form, and covered, (c) an 
electrolytic type depending on an in¬ 
sulating film formed on aluminum 
plates, and (d) an adjustable multi¬ 
ple parallel-plate capacitor widely 
used in radio circuits 


metal, is shown in (b). In (c) is shown an “electrolytic condenser,” made by 
forming an oxide coating on a thin aluminum sheet which is so treated as to be 
able to crowd a very large effective area into a comparatively small metal 
cylinder. The remaining space is filled with sodium borate and boric acid. As 
long as the oxidized aluminum plate is kept positive the oxide is a non¬ 
conductor and serves as the dielectric medium between the aluminum foil and 
the liquid which serves as one of the two plates of the capacitor. Since the oxide 
coating (formed electrolytically) is of extreme thinness, the “d” of the capacity 
formula is correspondingly small and the capacitance of the capacitor, there¬ 
fore, far larger than it would be possible to give a capacitor of the ordinary 
type in a comparable space. In (d) is shown the familiar parallel-plate adjust¬ 
able radio-type capacitor. When the two sets of plates are half intermeshed the 
capacitance is roughly half its maximum value, although the edge effects make 
it difficult to compute capacitance values from measurements. In computing 
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capacitances of multiple-plate capacitors it must be kept in mind that only 
opposed areas function—in other words, the area of the dielectric brought into 
use. Thus the 7-plate capacitor shown in (a) has an effective area of only 
6 times the opposed area of one plate. 

42.5. Capacitance of Combinations of Capacitors. Suppose that three ca¬ 
pacitors are joined in parallel as shown in Fig. 42-6(a), that their individual 
capacitances are respectively C^, C^, and C 3 , and that their joint capacitance is 
C. Since all parts of any conductor are at the same potential if the charge on it 
is at rest, then one plate of each capacitor is at the potential of conductor M 
and the remaining plate at that of N. The charges on the respective condensers 
are VC^j FCg, and VC^ and the total charge is VC, From this it follows that 



Fig. 42-6. A wiring diagram showing three capacitors connected in 

(b) series 


(a) parallel, and 


VC = I'Ci + FCo + FC 3 and C = C^ A- C 3 . Thus it is seen that the 
joint capacitance of capacitors connected in parallel is equal to the sum of 
their individual values. This might have been anticipated since adding capaci¬ 
tors in parallel is equivalent to extending the area of one of them and capaci¬ 
tance is proportional to the area, other factors remaining constant. 

The result is quite different when capacitors are connected in series as in- 
clicated in Fig. 42-6 fb). Here the PD of one is added to the PD of the next and 
their sum to the PD of the third, etc. The total rise in potential, V, is equal, 
therefore, to the sum of the separate steps; that is, 

V = V, A- Fo + F 3 ; hence, Q/C = Q/C, -h Q/C, + Q/C^, 
and 1/C = 1/Cj + l/Cg +I/C 3 

Observe that the charge induced on each intermediate plate is simply that on 
cither final plate in magnitude and the joint charge is no greater than any single 
member of the combination carries. Thus it is seen that the reciprocal of t e 
joint capacitance of capacitors in series is equal to the sum of the reciprocals of 

the individual capacitances. 

42.6. The Potential Energy of a Charged Capacitor. If one were to bull 
a column of bricks to a height of 6 ft the average height to which the mass of the 
column is lifted is only ^ x 6 ft and, if the weight of the column is 900 lb, the 
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total work done is ^ X 6 x 900 ft-lb. Similarly if one adds to a capacitor 
charges totaling Q statcoulombs and thereby raises its potential from zero to V 
statvolts the mean potential is V/2 and the total work done is IFQ ergs. By 
employing the relation Q = VC one may express the energ>% E, in various forms, 
thus: E ~ -J-FQ = J-CF“ = iQ~/C ergs. The form chosen for use in any problem 
will depend on the data. It must be realized that in cases where the potential is 
maintained constantly at a level of V (through the delivery of charge as fast as 
it is withdrawn) the work done is QF, not ^FQ. 

42.7. Relation of the Units in the Electrostatic System to Corresponding 
Units in the Practical System. Theoretically it would be possible to use any 
consistent system of units, but it is advantageous to be able to use reasonably 
small numbers to express the magnitudes commonly involved. In this respect 
the absolute electrostatic units employed above are not suitable. The erg is an 
extremely small unit of energy, being roughly the work required to lift a mass 
of one milligram through a height of one centimeter. In mechanics one is already 
accustomed to use the joule, which is 10^ ergs, and this unit has been adopted 
as the unit of work for the practical system of electrical units. A simple galvanic 
cell develops a potential difference of approximately l/300th of one statvolt 
and the practical unit of potential difference, called the volt, is taken as 1/300 
statvolts. Having adopted these two units the other practical units can be de¬ 
rived. If the work done in raising the unit of charge through 1 volt is 1 joule, 
then by expressing the latter units in terms of electrostatic units the value of 
the unit charge, which is called a coulomb, can be determined in terms of 
statcoulombs, thus: 

Work = E = I joule = 10“^ ergs = Q x 1 volt — Q X 1/300 statvolts 
Therefore, Q = 1 coulomb = 3 x 10^ statcoulombs. 


In a similar manner one may compute the relation between the units of capacity 
through the equation Q = CV or C = Q/V, since both Q and V are now fixed. 



Q 

F 


1 coulomb 3 X 10^ statcoulombs 


1 volt 


1 300 statvolts 


= 1 farad = 0 X 10’^ statfarads 


Collecting these conversion factors for the purpose of reference, one has: 


1 joule =10^ ergs 
1 volt = 1/300 statvolts 
1 coulomb = 3 X 10^ statcoulombs 

1 farad = 9 x 10^^ statfarads = 10^^ micro-micro-farads (^/x/) 


From which it follows that 1 micro-micro-farad = 1= 9'10 statfarad. 
Since the fundamental equations were used in building up each system, they 
may be used also in the solution of problems in either system of units; but it is 
important to avoid mixing the two sets of units in the same equation. The 
present plan of using the prefix “stat-” for all units in the electrostatic system 
is an aid in keeping the two systems distinct. The prefix ‘“micro-” (/x) means 
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one-millionth and is used with other types of units also. Capacitances given in 
microfarads must be expressed in farads before being substituted in the equa¬ 
tion. For example, to compute the energy of a capacitor of 30 /xf charged to a 
potential of 110 volts, one would proceed as follows: 

Energy = E = ICV^ = J x 30 X 10"® X 110^ = 0.1815 joule. 

42.8. Applications of Capacitors. The capacitor or condenser was for many 
years merely a useful and interesting bit of laboratory equipment, but in recent 
decades its use has been extended rapidly into a great variety of electrical 
equipment. In size they vary from that of a postage stamp to capacitors large 
enough to fill a room. They may serve in any one of three ways. In many 
circuits they take care of unwanted surges or oscillations in a current in much 
the same way that lakes in a river system stabilize the flow. Capacitors may be 
used to store large charges for use in producing a quick, heavy discharge, as 
required in “flash” photography. Their most common use is in controlling the 
period of oscillation in high frequency generators and receivers. The use of 
capacitors of extremely large capacitance to improve the efficiency of power 
distribution in alternating current systems is being rapidly extended. 

There are unintended and sometimes very disturbing capacitance effects 
resulting from the close proximity of conductors to each other, to the earth 
itself, or to grounded metal plates, or to metal structures, equipment, etc. 
Even bringing the body or hand near an instrument may affect its electrical 
behavior. The capacitance of a communication line with respect to the earth, 
or to the ocean, was long a limiting factor in both long distance telephony 
and in the usefulness of ocean cables. 

Circuits for use in electrotherapeutics are certain to include at least one 
capacitor to lend definiteness to the quantity of electrical charge given to the 
body at each discharge. Their use has contributed greatly to the increasing ac¬ 
ceptance of and reliance on electrotherapy. While electric currents are more 
widely useful than electrostatic charges, the methods and equipment of electro¬ 
statics have found many applications including use in therapeutic problems 
having to do with circulation, nutrition, nerves and the skin. 


Problems 

1. Given a rectangle ABCD of which the sides AB and CD are each 8 cm, and the 
remaining sides are 6 cm. Find the potential at A if charges of 400, —600, and 300 
statcoulombs, respectively, are at the corners B, C, and D. (i4ns. 40 statvolts) 

2. Indicate the electric forces at A in Problem 1 due to the separate charges given, 
in both direction and magnitude. The value of the resultant field is not required, but 
its approximate direction should be indicated, freehand. 

3. Find the locus of points of zero potential between two charges equal in magni¬ 
tude but opposite in sign. Would the field, also, be zero along this line? No) 

4. Calculate the capacitance of a Leyden jar coated over the bottom and to a height 
of 15 cm if its mean diameter is 12 cm, the thickness of the glass is 3 mm, and its 
dielectric constant is 6. 
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5. If two charges of 24 statcoulombs each are 12 cm apart, what is the potential 

at a point 10 cm from each if they are of like sign, and also, if unlike? 4.8 

statvolts, 0) 

6. How many coulombs would be required to charge a capacitor to a potential of 
1200 volts if it has a capacitance of 15 /if? How much energy in joules would it then 
possess ? 

7. Find the capacitance in statfarads of a 5-plate capacitor built up by using glass 
(K = 6) separators 3 mm thick and sheets of tin foil, each 20 X 25 cm. Convert your 
answer into micro-micro-farads, and into microfarads. {Ans. 3180 statfarads, 
0.003533 /if) 

8. Find the effective plate area of a paper capacitor if the waxed paper used between 
the layers of foil has a thickness of 0.2 mm and a dielectric constant of 2.4. 

9. For flash pictures a photographer uses a capacitor of 30 /if, and a charger which 
supplies 3000 volts. Find the energy expenditure in joules for each flash. {Ans. 135 
joules) 

10. What potential would it take to give to a capacitor having a capacitance of 
8 /if 36 joules of electrical energy? How much charge would be on the capacitor? 

11. A student is given three capacitors, of which A has a capacitance of 6/if, B, 8/if, 
and C, 12 /if. Find their capacitance when connected (1) in series, (2) in parallel, and 
(3) with A and B in parallel, but their combination in series with C. 2.67 /if, 
26 /if, 6.46 /if) 

12. A research worker built up a capacitor by using 21 sheets of tinfoil 12 x 16 cm, 
and a stack of glass plates (iC = 6) 2 mm in thickness. Make a diagram showing the 
arrangement. Find its capacitance in statfarads and in /i /i farads. He used plates large 
enough to provide a 2-cm margin of glass around the tinfoil sheet. Why? Neglecting 
the thickness of the foil approximately what would be the dimensions of the capacitor? 

13. By the methods of proportion find what would have been the capacitance had 

the research worker of Problem 12 used glass stock 3 mm thick and sheets of foil 
14 X 20, assuming the same number of plates. In this case what would have been 
the dimensions, assuming the same margin? What factors would determine the choice 
between the two, if each of them has sufficient capacitance? 8910 statfarads; 

18 X 24 X 6 cm, respectively) 

14. How many joules of energy are required to charge a 40-fi farad flash-light ca¬ 
pacitor to a potential of 2500 volts. What is the power consumption in watts if 10 
flashes are produced per second? 

15. In the manner described in Problem 13, Chapter 41, plot a curve showing the 
variation in potential with distance from the charge specified (preferably using the 
same sheet so as to be able to compare the shapes of the curves). The student should 
keep in mind the form of this curve since the potential in the space surrounding any 
element of electrical equipment charged to a high potential varies with distance in a 
similar manner. “Distance is the best protection” has many applications. 
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Current Electricity 


In Chapter 41 it was assumed that the separation of electrons from a glass 
rod through an intimate contact with a silk pad was due to the greater affinity 
of the silk for the electrons than was possessed by the glass rod. But in a similar 
contact between a woolen flannel and an ebonite rod it was found that the 
reverse effect was observed—the rod removed electrons from the fur. Indeed 
the ebonite rod would be able to remove from even the silk pad the electrons 
taken away from the glass rod. Liquids have quite as much to do with electrons 
as have the various substances mentioned in the previous chapter and certainly 
make better contacts with solids immersed in them than could any fur, flannel, 
or silk pad. Yet many facts relative to electrostatic electricity were known for 
more than twenty centuries before the simple methods offered by the “wet,” 
or voltaic cells as we know them, came to be employed. 

43.1. Galvani’s Discovery. Galvani (1737-98), an Italian physician, dis¬ 
covered in 1780 that freshly skinned frog legs wo\ild twitch if allowed to touch 
.'simultaneously two dissimilar metals in direct contact with each other. As static 
charges would produce similar effects, he recognized the phenomenon as being 
electrical and believed he had discovered “animal electricity.” Although his 
theory proved to be untenable and the discovery had little practical use, be¬ 
cause more efficient generators of electric charges were available, his discovery 
did mark a new connection between animal tissues and electric charges. Even 
today the “galvanic current” has its place in electrotherapy. Of far greater im¬ 
portance is tlie fact that it led to the epoch-making discoveries by Allessandro 
Volta (1745-1827), a professor of Physics at the University of Pavia, Italy. 

43.2. The Contributions of Volta. Volta found, in 1800, that the essential 
requirement, for a continuous current generator was a combination of two dis¬ 
similar metals and a suitable liquid. Actually he first used zinc and silver, and 
.‘^alt water and lye were both found to serve well as the contacting liquids. He 
was able to show that the “animal electricity” of Galvani had nothing to do 
with the animal, but resulted from the contact of the moist flesh with the two 
dissimilar metals. The simple voltaic cell establishes a potential difference 
which is very low, being of the order of 1 volt. Volta was able, by using a suc¬ 
cession of metals and moistened paper or leather disks, to build up a much 
higher potential by arranging them in series, thus: zinc, paper, silver, zinc, 
pa])er, silver, zinc, etc., until he had built up a “pile” which he described as a 
“column as high as can hold itself up without falling.” Obviously the potential 

4ofi 
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difference established by each pair was simply added to the total potential dif¬ 
ference due to all the pairs below it in the pile, and the upper limit was merely a 
practical one. By means of the “voltaic pile*' it was possible to cause electro¬ 
scopes to show charge, as well as to perform all the experiments then known in 
the field of static electricity, and thereby definitely to establish the identity of 
the two types of charges. But the new device had the advantage of maintaining 
its potential difference while supplying a current. A typical voltaic cell is 
shown in Fig. 43-1 (a), a battery of 
three cells in (b), and a voltaic pile 
in (c). In (a) and (b) are included the 
symbols universally used to represent 
an electric cell, or a battery of cells, 
respectively, in wiring diagrams. 

43.3. General Properties and Uses 
of Electric Currents. So many ap¬ 
plications of the electric current are 
now known to all that it is hard to 
realize that only a century and a half 
ago no uses of it were made. Substan¬ 
tially all uses depend on one or more 
of the following five properties of elec¬ 
tric currents, by which one means 
moving charges of electricity. 

1. Magnetic fields arc inseparably 
associated with moving electric 
charges. The discoveiT of this threw 
light eventually on tlic question of the 
origin of magnetic forces and on elec¬ 
tromagnetic radiations. In a practical 
way the ciTcct makes possible our tele¬ 
phones, telegraphs, electric bells, our 
“loud speakers,” generators, transformers, and the like. These uses are all well 
known generally, altliough none of them was known until long after the time 
of Volta. 

2. The heating effect of an electric current is equally familiar to all and 
was almost immediately discovered (in 1801) after Volta’s work made continu¬ 
ous currents available to demonstrate it effectively. Electric lamps, toasters, 
grills, heaters of various types, and irons, are now familiar articles in the home. 
The electrically heated cutting instruments used in electrosurgery, and the 
large-scale industrial electric furnaces are also important applications and illus¬ 
trate the wide range in the use of the heating effect. 

3. The chemical effects are utilized in many ways not only in the cliciTiical 
industry but in the large-scale j)roduction of hydrogen and oxygen through the 
electrolysis of water, in the plating industry, and in the production of many 
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Fig. 43-1. (a) Simple voltaic cell with 
the conventional symbol used to repre¬ 
sent it. (b) Three voltaic cells in series 
and the conventional symbol represent¬ 
ing the group, (c) Schematic arrange¬ 
ment of the historically famous voltaic 
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metals which, though known, were not produced until electrical separation from 
their compounds became possible. 

4. Power Production, Transmission, and Utilization. Electric fans and 
the household utility electric motors are the more familiar uses, but the modem 
large-scale generating plants operated by steam or by water power make pos¬ 
sible the great variety of uses listed above. High-voltage transmission lines 
provide for the transmission of electric power well over two hundred miles. 

5. The Production of Electromagnetic and of Particle Radiations, and 
the Release of Atomic Energy. While these effects depend on most of the 
others, the recent developments in radio, television, x-rays, and now the particle 
radiations from massive, high-power cyclotrons, betatrons, and other genera¬ 
tors employed in nuclear fields, justify a separate listing. 

It is well to remember in the following consideration of these separate fields 
that they are made possible by the separation of electrons from the positive 



(a) (b) 


Fig. 43-2. Repre-?entation of the distribution if ions and of their direction of motion 
(a) in a simple voltaic cell employing dilute sulphuric acid, zinc, and copper, and 

(b) in a Daniell cell 

nuclei of atoms and the effect in no way depends on whether the separation 
occurs through the application of the methods of electrostatics, through chemi¬ 
cal action, or through the operation of large-scale generators. The choice of 
method for any particular use or situation is purely a practical matter. In fact 
some methods were discovered long before they became practicable. 

43.4. The Simple Voltaic, and Other Primary Cells. While the simple 
voltaic cell, shown in Fig. 43-2 (a), is essentially the same as developed by Volta, 
it is now relatively less important since better methods for the production of 
electric currents are available. It is still used in laboratories and an understand¬ 
ing of its principles is important. Just as in static electricity it was found that 
certain substances were more suitable than others for establishing potential 
differences, so is it true also with respect to simple voltaic cells. Experience has 
shown that copper and zinc differ widely in their reaction with dilute sulfuric 
acid, which has been found to serve well as a cell fluid. In electrostatics it is 
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found that the process soon comes to a halt unless the accumulated charge is 
taken away, since the chance of additional electrons being removed by the silk 
from the glass rod, for example, diminishes as the potential of the silk falls low. 
It is not surprising, therefore, that the negative charge which accumulates on 
the zinc plate when immersed in the dilute acid solution and the positive 
charge gained by the solution soon prevents any further action unless the 
charge is removed. Actually there is a similar action at the copper also, but it 
is so feeble that the potential of the copper differs little from that of the 
solution. By connecting the two plates with a conductor the accumulated charge 
of electrons is able to leave the zinc and flow to the copper. This flow constitutes 
an electric current. The reaction can then continue as long as the plates are 
connected. Thus one is able to secure not only differences of potential but also a 
continuous current, a most important advance. The essential steps arc not 
difficult to understand. Pure water would not serve as the liquid or electrolyte, 
as it is called, since the H^O molecules hardly ionize at all. However, in the 
case of sulfuric acid in water there is a high degree of ionization; that is, a 
large fraction of the H 2 SO 4 molecules break up into H+ and ions. The 

latter attack the zinc atoms which enter the solution bearing positive charges 
and form ZnS 04 molecules in solution. The zinc is left with a corresponding 
negative charge. The maximum potential difference to which this reaction can 
give rise when no charge is being removed from the solution or from the zinc, is 
called the electromotive force of the cell, usually abbreviated to EMF. When 
connected with the zinc plate by a conductor the copper acquires a negative 
charge. The H+ ions then migrate to the copper plate and acquire the electrons 
needed to neutralize their own charges. They are then no longer ions, but 
simply hydrogen atoms which, in accumulating on the copper plate, interfere 
with further action through offering resistance to flow and by lowering the effec¬ 
tive potential difference between the plates of the cell. In such a condition a cell 
is said to be polarized and is of limited pratical use. Various schemes have been 
employed to prevent the polarization. One employed copper oxide rather than 
copper plates and depended on the combination of the hydrogen with the oxygen 
of the plate, but it was difficult to keep conditions steady. In the Daniell cell, 
shown in Fig. 43-2(b), the use of a porous earthen cup makes it possible to 
separate the acid or zinc sulfate solution from the region of the copper plate 
and to surround the latter with a saturated solution of copper sulfate. With this 
arrangement the H+ ions never reach the copper plate as they replace the 
Cu++ ions, and the latter on joining the copper plate affect neither the nature 
nor the resistance of the plate, nor the PD of the cell. The Daniell cell is non¬ 
polarizing, therefore, and has many practical uses. 

For many purposes “wet” cells are quite unsuitable or else inconvenient to 
use. It has been found possible to build “dry” cells using a moist paste in place 
of a liquid and to dispense with the porous cup by including in the i)aste a 
quantity of manganese oxide sufficient to combine with all the II'*' ions likely 
to be liberated during the “life” of the cell. The construction of such a cell is 
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shown in Fig. 43-3. The “positive” plate of the cell is a rod of carbon rather 
than of copper and the zinc-carbon cell is capable of establishing an EMF of 
about 1.5 volts in comparison with approximately 1 volt for the simple voltaic 
cell and 1.10 volts for the Daniell cell. By making the zinc electrode in the form 
of a cup, the need of a glass container is eliminated. The fiber or paper lining 
to this cup facilitates the action and helps to preserve the needed moisture, 
and also keeps the paste filling from the zinc. The paste contains also carbon 
dust which reduces its resistance. The pitch seal prevents the loss of moisture, 

which is important since the cell ob¬ 
viously cannot function if really dry in¬ 
side. A good “dry cell” is dry only on its 
outer surface. The active chemical is 
really ammonium chloride which fur¬ 
nishes the necessary negative acid ion 
for the action on the zinc electrode. The 
manufacturer of dry cells attempts to 
provide that balance between the chem¬ 
ical contents and the zinc which experi¬ 
ence has shown to be most economical; 
but the usual cause of failure is tiie 
drying of the paste following a perfora¬ 
tion of the zinc cup as a result of cell 
action. Dry cells are made in many 
sizes; those used in flashlights and in 
medical instruments are relatively small 
for convenience. Those used as “A” batteries or in telephone work are con¬ 
siderably larger. The “B” batteries of radio service are built up of many small 
dry cells arranged in series. 

As the plates of dry cells are relatively large and close together and the 
paste itself highly conductive, it is possible to draw comparatively large currents 
from them, at least for short periods. However, the process of depolarization, 
that is, of getting rid of the H+ ions, cannot keep pace with any considerable 
current and the result is a fall in potential. However, the cell is able to recuper¬ 
ate between periods of use. It is more suitable, therefore, for intermittent than 
for continuous service. For the latter service the Daniell cell or the storage cell, 
to be treated in a later chapter, is to be preferred. 

It should be understood that whatever the type of primary cell the practical 

use of it will be at the expense of the zinc which is necessarily consumed chemi- 

callv in the course of the normal action of the cell. Zinc is an expensive “fuel 
* • 

and dry or other cells are used only where there is a premium on convenience, 
or where less expensive sources of electrical currents are unavailable. AH dry 
cells suffer shelf deterioration due to slow changes whether used or not. Large 
sizes should be good for perhaps two years, hut the smaller sizes for only a few 
months—somewhat longer if cool storage conditions are maintained. 
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43.5, Undesirable Voltaic Effects. The essentials of voltaic action are seen 
to be two dissimilar metals or other materials capable of service as electrodes, 
and a liquid containing ions capable of reacting with at least one of the elec¬ 
trodes. The combination does not need to be given the conventional form of a 
voltaic cell. If two dissimilar wires, say a copper and a zinc or aluminum wire, 
are placed in the mouth on the tongue, an acid or “galvanic taste” will be de¬ 
tected when the remaining ends are held together. Even a single wire touched 
to a metallic filling of a tooth will generally give an observable electrical effect. 
Much of the corrosion of metals in the earth, water pipes, cables, and the like, is 
due to electrolytic action. The earth supplies the “paste” and there are plenty of 
dissimilar metals to supply the second electrode required. It is important that 
the electrolytic effect be clearly understood by surgeons who use metals in the 
repair of fractures, etc., in the human body, A commonly used technique in the 
case of, say, a broken clavicle is to insert a pin along the axis of the bone to 
stiffen it and then to tie the ends together with a wire. If the pin and the wire 
are not of exactly the same material electrolytic action may bring about the 
corrosion of one of the wires, should they be in contact, and the currents pro¬ 
duced might have undesirable effects on adjacent nerves or might even destroy 
bone material. The growing use of metals surgically gives importance to this 
matter. Even in the kitchen much of the corrosion of vessels could be a result 
of electrolytic action. A silver spoon and an aluminum vessel with its contents 
provide the essentials of a cell. (This action may be utilized to free the silver 
of its tarnish of oxide or bf sulfide by bringing the silver into contact with an 
aluminum vessel while dipping the silver into a hot solution of salt and soda 
contained in the vessel.) 

The effect is responsible also for most of the deteriorization of the zinc 
electrodes of voltaic cells and of the plates of storage batteries. Any foreign 
particles, such as filings or dust of other metals, contained in the zinc are 
likely to serve as minute positive electrodes and produce useless currents which 
consume the adjacent zinc. Covering the zinc plate with an amalgam by rubbing 
the zinc with mercury on an acid-coated cloth will prevent, or at least reduce, 
such action. Manufacturers of dry cells and of storage cells (see later) exercise 
great care to use only materials of highest purity in order to prevent losses by 
such local action, as it is called. The reason for adding only distilled water to 
storage batteries should be apparent. Any local action goes on continuously 
whether the cell is otherwise in use or not. It is a factor also in the corrosion 
of galvanized iron. 

43.6. Electrical Resistance, Unit of Current, Ohm’s Law. It may seem 
strange that a quarter century elapsed after the discovery of the voltaic cell 
before the laws of electrical flow were discovered. Fourier announced, in 1822, 
the laws of heat flow represented by the equation: 


jj = t-^T Chapter 22) 
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A contemporary, George Simon Ohm (1789-1854), an experimenter in Germany, 
appears to have been the first to sense the analogy between heat and electrical 
flows, to make the check experimentally and to announce the results in the 
form now known as Ohm’s law. This was in 1826, before either reliable batteries 
or measuring instruments were available. In the light of our present knowledge 
of electricity it is easy enough to expect that which has been fully established 
experimentally, namely, that the flow of charge between two points would vary 
directly as the potential difference between the two points, the time of flow, 
and as the cross section of the conductor through which the flow takes place; 
but that it would vary inversely as the length, L, of path through which the 
electrons must make their way. In short, one would expect exactly what is 
observed—that the quantity of charge conducted in time T would be repre¬ 
sented by: Q = y\)T ^ where p (rho) is the constant inserted to 

pL 

take care of the variation among substances. The analogy is close and com¬ 
plete. Heat flow is measured in calories delivered per second. By definition the 
current is numerically equal to the charge delivered per second. The unit of 
current, called the ampere, is that current which delivers one coulomb of 
charge per second. If the current is represented by /, the expression given 
above may be simplified by writing it in the form: I = Q/T = V/R where V is 
the potential difference (V^ — Ti) and Rj known as the resistance, equals 
p{L/A). The use of the single constant, J?, greatly simplifies the relation and is 
justified since, for a given conductor, none of the factors it includes varies 
during any variations of V and of 7. 

The simple relation, I = V/R^ is known as Ohm’s law and may be written 
also in the forms V = IR and R = V/I. Both the latter forms suggest useful 
generalizations; the one indicates that the fall in potential (PD) along any 
conductor is proportional to the product of the current and the resistance of 
the conductor, and the other shows that the fall in potential along a conductor 
bears a constant relation to the current flowing, a relation which defines the 
electrical resistance of the conductor. The unit of resistance is known as 
the ohm and it is the resistance of a conductor in which 1 amp flows when 
the drop in potential along the conductor is 1 volt, A conductor in which 5 
amp flows when the potential drop is 10 volts has a resistance of 10/5 or 2 ohms. 
A column of mercury 106.3 cm long and having a cross section of 1 mm^ has a 
resistance of 1 ohm to a steady current. 

It must be apparent that the flow of current from a source of potential dif¬ 
ference could be controlled through the adjustment of the resistance of the cir¬ 
cuit. Indeed, the physics laboratory must provide a great variety of conductors 
the only function of which is to control the flow of current. They may be called 
various names, such as resistors, rheostats, or simply resistances, although the 
last term confuses the property with the thing itself. They vary in resistance 
from micro-ohms (10'® ohm) to megohms (10® ohms). Some may be able to 
carry currents of the order of only micro-amperes (10'® amperes) while others 
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can carry a current of many amperes without becoming overheated. In selecting 
resistors for any particular purpose it is important to check the current-carry¬ 
ing capacity as well as its resistance. 

43.7. Specific Resistance, Variation of Resistance with Temperature. The 
relation which essentially defines the specific resistance,/) (Greek letter rho), 
of a material is expressed by the equation: R = pL/A, where R is the resistance 
in ohms, L is the length of the conductor in centimeters, and A is the cross sec¬ 
tion in square centimeters. From this it is seen that p is the resistance of a rod 
of the conductor 1 cm long and having a cross section of one square centimeter. 
The numerical value of p varies widely among conductors, as may be seen from 
Table 43-1, which includes only a few of the more important materials. 


Table 43-1. Resistivities of Conductors 


Substance 

Resistivity, 

(ohm-cm) 

Temperature Coefficient 
of Resistance, k 

Copper. 

1.7 X lO-® 

0.00393 

Silver. 

1.65 X 10-« 

0.0040 

Aluminum. 

3.21 X 10-« 

0.0038 

Tungsten. 

5.5 X lO-® 

0.0045 

Iron. 

12 to 14 X 10-« 

0.0062 

Manganin *. 

43 X 10-® 

0.000002 to 0.00005 

Carbon. 

4000 to 7000 X 10-« 

-0.00025 

Mica. 

9 X 10‘5 



•An alloy of Cu 84%, Ni 4%, and Mn 12%. 


Mica, an excellent insulator, is included to show strong contrast as it has about 
5 X 10^^ times the resistivity of copper. 

The resistance of nearly all conductors increases with temperature though 
carbon is an exception. The simple relation R, = (1 + kt) holds approxi¬ 

mately through small ranges for many substances. In this is the resistance 
at t°C of a conductor having a resistance of R^ at 0®C, and A: is a constant. 
Table 43-1 includes the values of k for the conductors listed. As an example a 
copper wire having a resistance of 15 ohms at 0®C would have at 20°C a re¬ 
sistance of Rf = 15(1 + 0.00393 X 20) = 16.2 ohms. This relation enables one 
to determine temperatures by measuring resistances, by methods to be de¬ 
scribed later, providing the value of k is known. 

43.8. The Resistance of Combinations of Resistors. In many laboratory 
experiments in electricity more than one resistor must be employed. They may 
be connected in series, as shown in Fig. 43-4(a), in which each resistor is repre¬ 
sented by a zigzag line. With this arrangement all the current which flows in 
one flows through the second also and then the third, etc., as well, since one 
assumes there is no loss, accumulation or diversion of charge either along or 
between them. Or, resistors may be connected in parallel, as indicated in (b) 
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in which case the total current in the main circuit is divided and the part flow¬ 
ing through one branch does not flow through any other; just as in the case of 
a river divided by an island, in which the water flowing along one side cer¬ 
tainly does not flow through the parallel channel. It is possible to use combina¬ 
tions of the two modes of connection, as shown in (c). 

The joint resistance of conductors in series may be determined readily by 
using the fact that the total drop in potential, V, along the combination is equal 

to the sum of the potential drops in 
i? 2 , i^ 3 , etc. Applying the second 
expression of Ohm's law to the whole 
and also to each part, it follows: 

since 

F = + Fo + Fg . . . 

IR — IR.^ -|" IR 2 IR^ • ' * 
and + jRg . . . 

That is, the joint resistance of resistors 
in series is the sum of their separate re- 
sistances. The product IR gives what is 
known as the “resistance drop" or fall 
in potential in any part of a circuit 
whose resistance is R and the current is 
I. If, however, the part considered in¬ 
cludes a battery, generator, or even motor which might affect the potential, 
then the PD may be either a rise or a drop in potential depending on the relative 
values of IR and of the EMF, E, and also on the direction of the latter. If it is 
with the current and larger than IR there is a use in potential oi E ~ IR, but 
if E is against the current there is a drop oi E IR. In any completed circuit 
the total of the drops in potential must exactly equal the total of the EMFs of 
the same circuit. 

The calculation of the joint resistance of resistors connected in parallel may 
be carried out similarly only, in this case, the total current, rather than the 
total fall in potential, is made up of its separate parts. Referring to Fig. 
43 _ 4 (b), it is obvious that the following relation holds: 

/ = + /g d" ^3 • • • 

Expressing each current in terms of F and R in accordance with Ohm’s law, it 
follows: 

V/R = V/R^ + V/R. + F/J?3 . . . 

and 

1/R = 1/Ri + l/R. + I/R 2 . . . 

Thus it is seen that, since F is in common, the reciprocal of the joint resist¬ 
ance of resistors connected in parallel is equal to the sum of the reciprocals 
of the separate resistances. 



Fig. 43-4. Wiring diagrams including 
three resistors each, and useful in the 
derivation of the basic laws relative to 
the combination of resistors 
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The procedure in the case of a combination involving both parallel and series 
connections, as in (c), is first to determine the resistance of any combination 
of resistors in parallel and then treat the problem as one of resistors in series. 
Suppose that in the arrangement shown the resistances of and i? 3 , re¬ 

spectively, are 5, 6, and 4 ohms. To calculate the total resistance, the joint re¬ 
sistance of R^ and R^ must first be found. Representing this by x it follows: 

l/x = 1/6 + 1/4 

Solving, X = 2.4 ohms, usually written 2.40 (O is the Greek letter omega). 

Applying now the law for resistors in series, it is seen that the resistance of 
the combination is 5 -I- 2.4 = 7.40. 

43.9. Energy and Power Expenditures in Electric Circuits. The practical 
units of energy, charge and potential, are such that in the relation E = QV, 
Energy (in joules) = Charge (in coulombs) x Potential (in volts), (The stu¬ 
dent should review the previous discussion of units.) If the work was done in 
a time of T seconds, then the power, always measured by the work done per 
second, is: 

W = E/t = QV/t = IV 
(watts) (amperes) (volts) 

since, by definition, a power of 1 joule per second is a power of 1 watt. By mak¬ 
ing the simple substitutions offered by Ohm's law, the expressions for energy 
and for power may be modified as follows: 

E = t' QV/t = IVt = PRt = VH/R, and W = IV = PR = VyR 

It is important to note that E, W, F, and R must apply to exactly the saine 
part of the circuit. The form of equation preferred will depend on the data at 
hand, either in an experiment or in a problem. They are in every respect equiva¬ 
lent, as the student should be able to show. 

The methods of checking experimentally the various relations given all in¬ 
volve the use of electrical instruments which, for the most part, include the 
word meter as a part of their name. These will be described and explained in 
subsequent chapters. For the present it is sufficient to know that the relations 
can be, and have been, most carefully checked and found valid. On this assump¬ 
tion it is possible to study various combinations of resistors and cells, and to 
solve problems relating to them. In this it is necessary to keep in mind that 
cells themselves have resistances, even though their chemical release of energy 
enables them to raise their “positive” terminal to a potential higher than that 
of the “negative” terminal. The direction of the current is, by convention, that 
in which the positive charge is effectively transferred, whether this be due to 
the actual movement of positive charges, as in electrolytes or to the flow of 
negative electrons in the reverse direction as in both metallic conductors and 
electrolytes. The effect is just the same and, by understanding and accepting 
this convention, no confusion should be experienced. It is unfortunate that 
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Franklin did not adopt the reverse nomenclature, but the convention became 
too widely adopted to change before the true nature of conduction in metals 
became known. (The student should note that in some books the direction of 
the flow of electrons is taken as the direction of current.) 

43.10. The Solution of Problems in Current Electricity. The student will 
find it a great advantage to make a “circuit diagram” for each problem before 
attempting a solution. These should have the form given in the examples below 
in which the conductors follow rectangular paths—never winding, cow-path 


1.5 volts each 



Fig. 43-5. An ar- Fig. 43-6. (a) An arrangement of six cells, one resistor, and a 
rangement of three combination of two resistors in parallel, connected in senes, 

cells and three re- (b) The same as (a) except that the six cells are arranged in 

sistors in series two parallel series, each containing three cells 


courses, even though the wires in the laboratory experiment may not always 
have a rectangular arrangement. 

Examples: (1) Suppose that a circuit is made up of three cells in series con¬ 
nected to three external resistors having resistances of 4, 7, and 2.80, joined in 
series. Find the current if each cell has a potential of 2 volts and an internal 
resistance of 0.40. 

By referring to Fig. 43-5 it is seen that this is a problem dealing purely with 
resistances and also potentials in series. Since the total fall in potential must 
be exactly the same as the total elevation of potential due to the action of the 
cells, Ohm’s law can be applied to the entire circuit and the following numerical 
relation holds: 


V ^ _ 3X2 _ 


_ 6 _ 


= 0.4 amp 
15 


It will be observed that V represents either the total drop in potential, or, just 
as well, the total rise in potential due to the action of the cells, for the two 
values must be identical. The current of 0.4 amp flows through every part of 


the circuit; no more, no less in any part. 
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(2) Find the potential difference between points A and C, also between D 
and A in the circuit shown in Fig. 43-5. In (1) the current has been found to 
be 0.4 amp, and the resistance between points A and C is 6.80. From the Ohm 
law in the form V = IR, it follows that = 0.4 X 6.8 = 2.72 volts. In part 
DA there is a complication because, in addition to the rise in potential due to 
the action of the cells, there is also a drop due to the internal resistance of the 
cells. Hence the net change in potential, in this case a rise, is given by: 


Vjyj^ = 6 - 0.4 X 1.2 = 5.52 volts 


Thus it is seen that the effective potential, as far as the external circuit is con¬ 
cerned is not 6 volts, but only 5.52. This illustrates the importance of the meas¬ 
ures taken, in the manufacture of all commercial cells, to keep the internal re¬ 
sistance low. 

(3) Find the current flowing through the circuit shown in Fig. 43-6(a), the 
potential differences between points A and B also between C and A, the cur¬ 
rent in the 4-ohm resistor, the power expenditure in AB, and in AC, and the 

power wasted within the battery itself. 

Before one can compute the current it is necessary to find the resistance be¬ 
tween A and B. Applying the law for parallel resistors it is found to be 
2.4n (from \/x= 1/4 + 1/6). The current in the main circuit may now be com¬ 


puted as follows: 


I = 


6 X 1.5 


6 X 0.2 + 2.4 + 0.9 

V^it = 2 X 2.4 = 4.8 volts Vca 

T 4.8 , o Wab 

J 4 = — = 1.2 amp 


— = 2 amp 
4.0 

9 - 1.2 X 2 = 
7F = 2 X 4.8 


6.6 volts 
= 9.6 watts 


Power delivered by the battery to the external circuit, AC, = /F = 2 X 6.6 = 
13.2 watts. Power wasted in the battery is due to resistance of the battery and 
amounts to PR or 2- X 1.2 = 4.8 watts. It is seen that the sum of these two 
results is 18 watts, which checks with 2x9, the total power production. 

(4) Suppose the cells in the battery of example (3) were arranged in two 
parallel series of three cells each, as shown in Fig. 43-6(b); but the rest of the 
circuit were left unmodified. Find the current that would flow with such an 

arrangement. 

The available voltage is now only 3 X 1.5 or 4.5 volts, and the resistance 
of each series is 3 X 0.2 or 0.60. But there are two series in parallel, hence the 
resistance of the two jointly is only half that of a single series, or 0.3n. With 
these preliminary computations made, one is ready to calculate the current m 

the main circuit, thus: 



4.5 

0.3 4- 2.4 + 0.9 


3.6 


1.25 amp 


43.11. Practical Considerations Relative to Batteries and to Cells. The 
electromotive force of a cell depends on the materials and the temperature of 
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the cell, not upon its size. A pair of zinc and copper wires dipped into acid 
would give the same potential produced by plates a meter square dipped into 
the same acid. Flashlight dry cells give tlie same voltage on open circuit as the 
largest dry cell made with the same materials. In practical use, however, the 
larger cells have far less internal resistance and much larger quantities of bat¬ 
tery materials available for consumption, hence they will deliver during their 
“life” correspondingly larger amounts of electrical energy. Where high voltages 
but negligible currents are needed, as in the B batteries of radios, the batteries 
may be built up with cells of small size—with 30 cells in the case of the widely 
used 45-volt B battery. In some cases a low internal resistance is more impor¬ 
tant than high potential, in which case the cells may be arranged in parallel, 
or in a combination of parallel and series groupings. The best arrangement is 
that which gives to the combination an internal resistance which is the nearest 
possible to that of the external resistance. 

A great loss of energy often results, particularly in the case of storage bat¬ 
teries and of other wet cells, due to the continuous flow of current from one 
terminal to the other through a conductive film allowed to form over the outer 
surface of the battery. The importance of cleanliness with respect to batteries 
cannot be overemphasized. In the case of dry cells, or of any cells, there is likely 
to be some loss due to local action within the cell. Manufacturers often stress, 
in their advertisements, the “long shelf life” of their product. Failure to keep 
the circuit open when the battery is not in actual use is, perhaps, the most usual 


source of loss in battery efficiency. 

43,12. The Torpedo, and Electric Eel. These interesting “biological bat¬ 
teries” have been known at least since the time of Aristotle who reported that 
the torpedo fish was able to “narcotize” and kill its prey, also to defend itself 
against its enemies and give numbness to human bodies. Twenty centuries later 
it was established definitely that this fish possessed an electric organ capable 
of developing sufficiently high voltages to produce the effects observed. This 
electric organ constitutes two-thirds of its mass and consists of “hundreds of 
thin plates arranged in series, or piles with a very large number of the piles in 
parallel, all immersed in a salty tissue fluid and all connected through large 
nerve bundles to the brain. The top surface of each plate is normally positive, 
the bottom surface, negative. It would appear that a brief series of impulses 
sent by the brain through the nerve fibers to the cells cause their separating 
and insulating membranes to become permeable to ions, possibly through rapid 
enzyme action and. thereby, to make the summation voltage of an entire “pile' 
of plates, available, as though it were a voltaic pile. The voltages developed 
may amount to 300 or more and, in the case of the electric eel, voltages as high 
as 500 have been observed. They were commercially provided for many cen¬ 
turies, preceding the work of Volta, for the electrical treatment of various 
ailments, particularly gout. Unfortunately there seems to be a lack of agree¬ 
ment among physiologists with respect to the basic biological processes under¬ 
lying the electrical performance of these strange animals. 
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Problems 

1. A copper wire between a power line and a residence has a resistance of 2.1 ohms 
on a day when the temperature is 0®C. What will be its resistance on a summer day 
when the temperature is 35°C? By what per cent is its resistance increased? (Ans. 241 
ohms, 14.7 per cent) 

2. A certain platinum resistance thermometer has a resistance of 25.8 ohms at 0°C 
and 31.3 ohms at fc®C. Find t if the temperature coefficient of resistance of platinum is 
0.0037. 

3. A flash-light battery has 3 cells, each having a resistance of 0.3 ohm and an EMF 
of 1.6 volts. If the lamp has a resistance of 1.5 ohms how much current does it take 
on this battery, and what would be the PD between its terminals when the light is on? 
(Aris. 2 amp, 3 volts) 

4. How many joules of energy would the lamp of Problem 3 give out in a period of 
1 min, and how many watts of useful power does it consume? 

5. A 200-volt generator drives a current through a rheostat set at a resistance of 50 
ohms then through two heaters connected in parallel and having resistances of 60 and 
180 ohms. If the generator itself has a resistance of 5 ohms, find the current, also the 
PD between the terminals of the generator while the current is flowing. (A/is. 2 amp, 
190 volts) 

6. A copper wire of gauge No. 15 would be suitable for lamp circuits in a small 
house, No. 21 is often used for general purposes in a laboratory, while No. 36 is suit¬ 
able for high resistance coils. If the diameters of these sizes are, respectively, 1.43 mm, 
0.723 mm, and 0.127 mm and No. 15 has a resistance of 12.7 ohms per kilometer, find 
the resistances of the other two per kilometer. 

7. Complete the following table with respect to the household electrical appliances 
indicated 


Appliance Volts Amperes Ohms IFotfs 

Lamp . 110 GO 

Toaster . 110 5 

Percolator . 110 33 

Flat iron . 110 6 

Rheostat . 110 220 


8. Four dry cells, each having an EMF of 1.5 volts and an internal resistance of 
0.3 ohm, are connected in series and then to a 4-ohm resistor, in series with a pair of 
resistors in parallel and having resistances of 8 and of 12 ohms, respectively. Find the 
current through (1) the 4-ohm resistor, and (2) the 8-ohm resistor. Include a circuit 
diagram similar to Fig. 43-6{a). 

9. Find the PD between the battery terminals in Problem 8, also between the termi¬ 
nals of the resistors in parallel. Find the watts dissipated by the 4-ohm resistor. 
(Ahs. 5.28 volts, 2.88 volts, 1.44 watts) 

10. Suppose the four cells of Problem 8 were arranged in a square, that is, in two 
parellel series of two cells each, but the rest of the circuit was left unchanged. Wliat 
current would flow through the 4-ohm resistor? 

11. A boy is charging a storage cell by using four dry cells like those of Problem 8 
connected in series and through a 0.6-ohm resistor to the storage cell, which is con¬ 
nected in opposition to the EMF of the dry cells for the purpose of charging. What is 
the charging rate if the resistance of the storage cell is 0.1 ohm and its opposition 
potential while charging is 2.2 volts? (Ans. 2 amp) 

12. Suppose the supply lines to a residence from a 110-volt transformer have a re- 
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sistance of 0.3 ohm. If a percolator taking 3 amp and an electric iron taking 6 amp 
are in use what is the effective voltage at the house? Does your answer not explain 
the “blink” observable when such appliances are turned on? 
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Magnetic Effects of an Electric Current, 
Electromagnetic Instruments 

44.1. The Simple Magnetic Effect, Even though the work of Volta made 
possible electric currents of considerable strength, the magnetic field about such 
currents was not discovered until 1819 when Oersted found that a moving 
charge always produces a magnetic effect. In the case of a straight conductor 
the magnetic field produced is symmetrical about the conductor, as may be 
demonstrated by means of the arrangement 
shown in Fig. 44-1 (a). It is found that iron 
filings sprinkled on the sheet of paper tend to 
arrange themselves in concentric rings about the 
conductor as indicated, but there is no indica¬ 
tion of any “pole” with wdiich such lines are 
associated. Small compass needles placed at 
various points on the plane show the direction 
of the lines of magnetic force to be in the di¬ 
rection indicated by the arrows. A reversal in 
the direction of tlie current would reverse the 
direction of each of these arrows though the 
form of the field would remain the same. A 
simple “right-hand rule” offers a convenient aid 
to the memory with respect to the relation be¬ 
tween the direction of the current and that of 
the resulting magnetic field. Assuming the direc¬ 
tion of the current is known, grasp the conductor 
with the right hand, with the thumb pointing 
in the direction of the current. The magnetic 
field encircles the conductor in the direction pointed by the fingers. In case the 
direction of the field rather than that of the current is known, one simply points 
the fingers of the right hand in the direction of the field. The current is in tlie 
direction pointed by the thumb. By “direction of current” is meant that direc¬ 
tion in which positive charge is being transferred, which is of course opposite to 
the flow of negative electrons. If a tube containing an electrolyte were sub¬ 
stituted for the wire the magnetic effect would be exactly the same for the same 
current. 

44.2. The Magnetic Fields Associated with Coils. Since the arrangement 
shown in Fig. 44r-l(a) requires an inconveniently large current to produce a 
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Fig. 44-1. (a) The directions of 
the arrows show the directions 
of the magnetic fields at their 
locations, (b) The circular form 
of the magnetic field about a 
conductor carrying an electric 
current is shown by the ar¬ 
rangement of iron filings 
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marked effect, it is advisable to cause the current to flow repeatedly along the 
same path by winding the wire into the form shown in (b). The resultant field, 
thereby obtained, is as many times stronger as there are wires in the bundle, 
assuming the same current. By applying the right-hand rule to the rectangular 
coil shown in Fig. 44-2(a) it will be found that compass needles, placed at the 

positions shown, will be deflected as 



Fig. 44-2. fa) The arrows show the di¬ 
rection of the magnetic field about a rec¬ 
tangular conductor carrying an electric 
current, fb) A circular coil with its plane 
in the magnetic meridian of the earth pro¬ 
duces a magnetic field perpendicular to 
that of the earth. The resultant field may 
be found by vector addition, (c) The 
magnetic field of a .-olcnoid is similar to 

that of a bar magnet 

as is shown in Fig. 44-2fb), would more 


indicated, assuming the coil is in a 
vertical N-S plane. An increase in the 
strength of the current would cause 
corresponding increases in the deflec¬ 
tions and a reversal of the current 
would reverse the deflection of the 
needles. The student should check the 
application, in imagination, of the 
right-hand rule to each portion of the 
field. Note that whatever the position 
of the needle within the coil the deflec¬ 
tion of the N pole is to the east, while 
the deflection of the N pole is to the 
west for points outside the enclosed 
space, for compass positions lying in 
the plane of the coil. The actual de¬ 
flection for all points, including also 
those outside this plane, would be fixed 
by the direction of the resultant mag¬ 
netic field obtained by combining the 
field due to the current with that due 
to the earth. A closely wound coil, such 
conveniently provide for a strong field 
the center of the coil. The angle of 

will be determined by the 


through the concentration of the effect at 
deflection of a compass needle placed at its center 
relation 


tan $ = 


Intensity due to current in coil 


He 


Intensity due to horizontal component of earth’s field 
For many purposes it is advantageous to wind the conductor into the form of an 
extended coil, or solenoid, as shown in (c). With such close windings the fields 
between adjacent turns neutralize each other, but are additive within the coi 
and the turns together produce a joint magnetic field having a form similar to 
that which is observed in the region about a bar magnet. The form of this fie 
may be readily demonstrated by means of iron filings, as indicated in fc). 

44.3. Quantitative Relationships. Had the wire shown in Fig. 44-1 (a) been 
placed on the paper rather than normal to it, no appreciable magnetic effec 
could have been observed since the direction of the field would have been per 
pendicular to the paper. It has been definitely established, both experimenta y 
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tind theoretically, that the planes of the magnetic lines of force due to a cur¬ 
rent flowing along a conductor are exactly normal to the direction of the cur¬ 
rent; there is no screw-like advance of the lines in the direction of the current. 
Actually there is a field exerted by the current in an element, represented in 
Fig. 44r-3(a) by L, at any point P; but whatever the field strength at P, and 
whatever its location, the direction of the field at P is normal to the plane con¬ 
taining the element of the conductor. Its strength is found to vary inversely as 
the square of the distance from L, and directly as the length, L, as the cur- 



Fig. 44-3. Diagrams useful in the derivation of quantitative relationships with respect 

to currents, their magnetic fields, and distances 

rent strength, i, and as the sine of the angle between r and the wire at L, 
These facts may be stated in the algebraic form first suggested by Laplace, as 
follows: 

H = KiL sin 0/ r- 

The value of K depends on the units chosen but it can be made unity through 
the adoption of a suitable unit of current. Suppose that one consider the effect 
of a current flowing through an arc of a circle subtending 1 radian, as indicated 
in Fig. 44-3(b). This simplifies the expression since L becomes r, and 6 is 
constantly 90°; hence sin (9 = 1. It follows that H = Ki/r. If now r be made 
1 cm, and i be chosen of such magnitude that the field produced at the center 
is 1 oersted and adopted as the magnitude of a unit current, the equation re¬ 
duces to 1 = K. The unit of current thus fixed is known as the abampere and is 
the basis of the absolute magnetic system of electric units. Thus it is seen that 
the abampere is that current which in flowing through an arc of a circle having 
a radius of 1 cm, produces a magnetic field at the center of the circle of 1 oersted 
for each centimeter of the length of the arc. This amounts to 27r oersteds pei 
turn. The abampere, thus defined, is found experimentally to be exactly 10 
times the ampere. For fiat coils in general the following relation must hold as 
a result of the Laplace relation and the choice of unit current made: 

,, 27rnr • i 2rni 

n — -;; — 

r- r 

where i is the current in abamperes and n is the number of complete turns in 
the coil. 
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Other important quantitative relationships may be deduced readily from the 
Laplace equation and from the choice of units. At the point P, shown in Fig. 
44-4(a), the strength of the field may be shown by the methods of calculus to 
be 2i/r, The work required to carry a unit positive pole once around the con¬ 
ductor, keeping in a plane normal to the conductor and containing P, and at 
a distance of r from the conductor, is 2irr X 2i7r = ^-rri ergs. From this result it 
is apparent that the energy required is independent of the distance of the path 
from the conductor, and actually it is independent of the form of the path. This 
general principle makes it possible to calculate the intensity of the magnetic 
field within a long solenoid such as is shown in Fig. 44-4(b). The work done 
in carrying a unit pole around the path represented by the slender rectangle 
shown in the figure is simply that required in moving along the 1-cm part of 



(a) (b) 

Fig. 44-4. (a) The magnetic field about a long straight conductor may be represented 
by closed circles, not by spirals, (b) A long solenoid makes possible a derivation o a 
simple expression for the magnetic field inside the solenoid at its mid-point 


the path against the field within the solenoid. There is no work involved in mov 
ing the pole in a radial direction from the solenoid since any field would be 
not only weak but normal to the direction of motion, and the radial distance 
can be made so great that the work done at the far end of the rectangle is en¬ 
tirely negligible. If the field within the coil is H oersteds, then the work in mov¬ 
ing the pole 1 cm is H ergs, hence H = 47rni where n is the number of turns on 

the solenoid per unit of length. , 

Ordinarily the currents given in problems and in practical work are expressed 

in amperes, which means that the magnetic fields are only one-tenth as sUong 
as they would be for currents expressed in abamperes. The formulas, consi ere 
in this section, may be written as follows, using I to represent the current m 

amperes: 

2irnl 

Magnetic field at the center of a coil having a radius of r, H = 

I 2/ 

Magnetic field at a distance r from a long straight conductor, // = 

_ 4x«/ 

Magnetic field within a long solenoid, ^ 10 
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Examples of Problems: 

(1) Find the force exerted by a current of 15 amp flowing through a flat 30- 
turn coil having a radius of 12 cm, on a magnetic pole having a strength of 72 
units, and placed at the center of the coil. 

Force = 72 X ^ dynes 

(2) Find the magnetic field within a solenoid 50 cm long and having a total 
of 500 turns when carrying a current of 12 amp. 

Field — H ^ Aml/lO = 47r-'y\pl2/10 = 487r = 150.9 oersteds 

44.4. Practical Electromagnets and Their Uses. If a solenoid, such as 
shown in Fig. 44r-4(b), is filled with an iron core, it is found that the magnetic 
field about the combination is many times as strong as before, due to the high 
permeability of the iron. (See table of permeabilities 
in Chapter 40). The ratio of the number of lines 
of magnetic force per square centimeter of cross- 
section, that is, the magnetic induction, B, within 
the solenoid when iron is present, to the correspond¬ 
ing number with the iron absent (that is, the field 
in oersteds, //) is a measure of the effective perme¬ 
ability of the iron. That is, /x = B/H. The relation 
B = fiH is a general one and of great usefulness. 

Since B is the number of lines per square centimeter 
the total magnetic flux within a core, or from a pole 
of area A, is given by the relation 4> = 

Actually the effective value of ju depends on many 
factors, particularly on the shape of the core, the 
air-gap, if any, and the strength of the current. The 
full or maximum value of ^ is realized in only the 
case of a complete iron circuit. The curve in Fig. 44-5 shows that the relation 
between B and II is far from constant. The values given for fi in the table arc 
roughl) the maximum values. It is not difficult to increase the magnetic flux a 
thousandfold by the use of an iron core in a coil. 

In a straight magnet of the form shown in Fig. 40-4(b) the poles themselves 
produce a magnetic field within the bar that opposes the orientation of the 
molecules which produced them, hence the intensity of magnetization is kept 
low. But if the lines are provided with a ferromagnetic path by which they may 
return to the S pole, then this demagnetizing effect is practically eliminated. 
Even where this may not be permissible the effect may be greatly reduced by 
giving the electromagnet an essentially horseshoe form, as in the ordinary door¬ 
bell, or in the buzzer shown in Fig. 44r-6. In this form the magnetic field is 
concentrated in the region in which it is required for action and, therefore, not 
wasted in the surrounding space. The action of this buzzer will be described 



20 40 60 H 


Fig. 44-5. The magnetic 
induction, B, increases with 
II but tends to approach a 
saturation value, as H is 
continuously increased 
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briefly because there are many devices employing the same arrangement. A 
current through the magnet produces a magnetic flux through the core and also 
the armature, A. The latter becomes a magnet by induction and is drawn to 
the poles of the electromagnet. Due to this motion the current is broken at the 
contact points C. This enables the spring, iS, to return the armature to its initial 
position, thereby restoring the contact and causing the action to be repeated 
as long as the necessary potential difference is applied to the buzzer terminals. 
The spring carrying the contact disk yields enough each time the contact 
is made to give the current time to build up a magnetic field before the con¬ 
tact is broken. Electromagnets of similar form have many practical uses. It is 
immaterial whether they have a pair of coils as in Fig. 44^6 or a single coil as 
in Fig. 44^7 which illustrates the use of an electromagnet for the operation of 



Fig. 44-6. The wiring of a simple 

electric buzzer 




Fig. 44-7. A simply relay circuit. 
A current through AB closes the 
gap between C and D 


a relay. This is one of its most widely used applications as it makes possible 
the operation of distant, or of inaccessible switches by remote control. Obvi¬ 
ously a current sent through the circuit AB will close the circuit CD whatever 
its location. One of its earliest uses was to enable a weak pulse in a long dis¬ 
tance telegraph circuit to operate a local circuit provided with sufficient battery 
power to give out loud signals, or to relay them to a new long-distance circuit, 
hence the name. In the physiology laboratory an electromagnet may be used to 
operate a stylus and to record a time signal on a moving chart. The develop¬ 
ment of miniature relays, also of electronic tube amplifiers has greatly extended 
the range of electromagnetic relays. 

Bell-shaped magnets, constructed as shown in Fig. 44—8, may be made to sup¬ 
port the weight of a man even by the current supplied by a single dry cell. 
There are in use many huge electromagnets of the same type capable of lifting 
loads of many tons of steel beams, iron castings, scrap iron, and the like. Of an 
entirely different type are the strong electromagnets with pole pieces suitable 
for removing fragments of iron or steel from the eye or from other parts of the 
body. The modern tools of atomic physics, the cyclotron, betatron, and syn¬ 
chrotron, all employ large electromagnets—that of the 60-in. cyclotron at 

Berkeley w'eighs about 200 tons. 
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44.5. Force on a Current in a Magnetic Field. In Example (1) given above, 
it was found that the coil exerted a force of 1697 dynes on the magnet. Since 
to every action there is an equal but opposite reaction, it follows that the mag¬ 
net acts with a force of 1697 dynes on the coil itself. If the magnet were fixed 
and the coil were suspended and free to move, it would do so in a path normal 
to its plane and in a direction which would depend on the direction of the cur¬ 
rent. But the reaction of a conductor carrying a current to a magnetic field 
is a perfectly general phenomenon, and a very 
important one. It may be deduced from the La¬ 
place law as follows, in brief outline. According 
to this law the force on a magnet of pole strength 
7n at a point p is given by the relation: 

Force = m Li sin 6/ 

The force exerted by the pole on the conductor 
must be equal and opposite (action and reaction). 

But m/r^ is precisely the magnetic field due to 
the pole at the position of L, as indicated in 
Fig, 44^3(a) (assuming Coulomb's law and that 
^ = 1). If this be represented by H, then the force 
on the L povtion of the conductor due to the mag- electromagnet. The cur- 

net m at P would be HiL sin 0, where B is the rent from a single No. 6 cell 

angle between the direction of the field due to m through the coil may set up 

.„d the of aow of the eu„.«h For . a.W “/“i™ 

at right angles to the conductor the force is exceed the weight 

H/L/10 where I is in amperes. This is a general of an adult 

relation and in no way depends on whether the 

field is due to a magnetic pole as in this case, or due to another conductor C£vrry- 
ing a current, or due to the field of the earth. It is an extremely important rela¬ 
tion since it underlies the action of many electrical instruments and accounts for 

the torque given electric motors. 

The direction of a force is quite as important as its magnitude. Fortunately 
the right-hand rule can be extended to the reaction force on the conductor. 
The N pole of a magnet at P in Fig. 44-4(a) would, according to this rule, be 
pushed forward in a direction normal to the paper. This means that the reaction 
force on the conductor is likewise normal to the paper, but directed into the 
paper. The right-hand rule applying to the direction of the force of a magnetic 
field on a current may be stated thus: If the fingers of the light hand are ex¬ 
tended in the direction of the lines of magnetic force with the palm turned so 
as to include the conductor carrying the current with the thumb pointing in the 
direction of the current, the conductor is urged in the direction the palm would 
push it This rule is appropriately called the motor rule. The student should in 
imagination apply his hand to Fig. 44-4(a) and also check the rule for a current 

in the reverse direction. 
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(a) 


44.6. The Basic Principle of Permanent-Magnet Electric Meters. In the 
chapter on electrostatics it was found that with such minute forces available 
it was necessary to employ an exceedingly delicate leaf in the electroscope in 
order to obtain a noticeable deflection. In comparison, the forces arising in the 
practical use of electric currents are large and the measuring instruments are 
relatively sturdy. Yet even in the latter type it is important to make the most 
of the forces available and to make sure that the magnetic fields employed 
are uniform over the region through which the instrument coils are deflected. 
First the simple arrangement shown in Fig. 44^9(a) will be considered. A mag¬ 
net of the horseshoe type is used since it concentrates the field in a compara¬ 
tively limited but useful region. Suppose that A and B are the cross-sections of 

a conductor carrjdng a current into the plane of the 
paper at A, and out at B. By applying the right-hand 
rule to the conductor at A it is seen that the field of 
the current reinforces that due to the magnet below 
A, but weakens through opposition the field above A. 
The resultant field is represented by the continuous 
lines in (b). Conversely, the lines arc reinforced above 
the conductor at B and weakened below B. Since lines 
of force exert a tension in their direction, and a side- 
wise repulsion, it is seen that the loop-conductor, AB, 
is urged to rotate in the clockwise direction, as indi¬ 
cated by the arrows in (b). This conclusion is in line 
with that which one would reach by a direct applica¬ 
tion of the motor rule given above (and really could be 
deduced from the FliL relation). Considering the part 
A, one would point the fingers of tlie right hand toward 
the S pole and turn the thumb toward the paper; that 
is, in the direction the current is flowing. In accordance 
with the rule the conductor is urged in the direction 
the palm could push it, that is, upward, just as deduced 
above from the nature of the magnetic lines of force. The student should apply 
the motor rule to the B leg of tlie loop also. Any sucli coil is in its stable position 
when it encloses a maximum flux. 

Inasmuch as the force on the conductor is normal to both the lines of mag¬ 
netic force and to the conductor itself, it is obvious that as the coil is deflected 
to an oblique position tlie force though constant becomes less and less effective, 
since the torque arm about the axis of rotation, O, becomes shorter and shorter. 
To remedy this, instruments are generally provided with cylindrically concave 
pole pieces, and tlie space within the instrument coil filled with a cylinder of 
iron so that the field across the gap is radial, far stronger, and acts normally to 
the plane of the coil at any of its positions. Also by using a deflecting coil of n 
turns instead of a single loop, the deflecting torques are made n times as large 
for the same magnitude of current; that is, the instrument is given n times as 



(b) 


Fig. 44-9. The magnetic 
field about the looped 
conductor and that due 
to the magnet shown 
(a) individually and 
(b) combined 
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great current sensitivity. The improvements thus provided appear in Fig. 
44r-12(a). 

44.7. Galvanometers. It is generally advantageous to divert as small a cur¬ 
rent as practicable to any type of meter. This applies especially to galvanom¬ 
eters, instruments used to measure the small currents so often employed in 
laboratory measurement. The very sensitive types are likely to have their 
coils suspended by very thin, narrow, phosphor-bronze ribbon, as indicated in 
Fig. 44-10(a). The current is introduced through the suspension and leaves the 
coil through a loose and very flexible spirally coiled ribbon at its lower end. The 



Fig. 44—10. (a) Schematic rej)resentation of a wall-type galvanometer, (b) a lal)()ratory 
arrangement of the galvanometer shown in (a). Deflections are read by means of a lamp 

and scale (not shown) (Courtesy of Leeds and Northrup Co.) 


magnitude of the deflections are determined through scale readings made by 
means of a telescope which observes the image of the scale in a mirror carried 
by the coil and rotating with it. Or, in place of the telescope one may use a line- 
image projected on the scale by a special lam|)-lens system. Eitlier scheme 
virtually makes use of optical “pointers” in lieu of i)hysical i)ointers of eipiiva- 
lent length. A further advantage is secured through the fact tliat for every 
degree the mirror is turned it adds one degree to both the angle of incidence 
and the angle of reflection, or two degrees in all. Sensitive galvanometers of thi.s 
type are generally mounted on the wall to make them less susceptible to room 
vibrations. Fig. 44-10(b) shows a typical laboratory arrangement making use 
of a wall-type galvanometer. 

For less exacting uses, sucli as in many laboratory experiments and for in¬ 
corporation in various portal)le instruments in winch tlie galvanometer is but 
one component, the coil is likely to be mounted on jewel bearings and to have 
a pointer in place of a mirror. A flat spiral spring at either end serves as a con- 
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duotor and supplies the restoring torque required. Such an arrangement is 
often called a meter-movement. An instrument of this sort is shown in Fig. 
44-11. The “photelometer,” shown in Fig. 36-6 incorporates one of this type. 

The deflection of a galvanometer-type or meter- 
movement-type instrument for a given current can 
be determined only by test, although the manufac¬ 
turer, through experience, can design an instrument 
of any practicable sensitivity. Nevertheless all in¬ 
struments require some final adjustments of resist¬ 
ance, number of turns, or spacing of scale marks to 
ensure accurate readings. From a practical stand- 
]ioint it would be difficult to have a large variety of 
magnets, coils, scales, springs, etc., to adapt the 
instruments for the various conditions of service to 
be met. The practice, therefore, is to use relatively 
few but standardized movements, etc., and to adapt 
the instruments to various demands through the use 
of suitable auxiliary resistors. In fact, this plan 
makes it possible to use the same meter-movement for many different ranges 
of voltages or of currents or even of both, through having a suitable variety of 
resistors enclosed within the instrument case. For any particular use the proper 



Fig. 44-11. Simple student- 
type laboratory galvanom¬ 
eter (Courtesy of Central 
Scientific Co.) 



Fig 44-12 (a) Tvpical parts of an electric meter of the D'Arsonval type together 
with a wiring diagmm. (b) A high-grade laboratory voltmeter emi^oying a 
similar to that shown in (a), and providing three voltage ranges (Courtesy ot \ 

Electrical Instrument Corporation) 


resistor is brought into the circuit through the selection of the proper tormina o 
‘■binding post,” or through the use of a selector switch. 

44.8. Voltmeters. Voltmeters are essentially meter-movements provided t 
a series resistor known as a multiplier having a resistance appropriate for le 
range of voltages to be measured. A wiring diagram and a cut showing the con- 
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struction of a widely used type of voltmeter is given in Fig. 44r-12(a) and a 
similar commercially built instrument is shown in (b). A typical example 
should make clear the principles of design of such an instrument. 

(1) A student is given the meter-movement of a voltmeter and asked to make 
it usable as a voltmeter having a range of 1.5 volts. To produce a full-scale 
deflection requires 0.01 amp. The moving coil has a resistance of 6 ohms. What 
resistance R must be added to that of the coil? Assume the arrangement shown 
in Fig. 44^12(a). 

Since the current and the voltage are known, Ohm’s law may be applied 
directly and the resistance computed, thus: 0.01 = 1.5/{R + 5) or 72 = 145 
ohms. 

(2) Show by computation and by a diagram how to make the instrument of 
example (1) usable for any one of the three ranges, 1.5, 15, and 150 volts. 


Fig. 44-13. Conventional wiring diagram of a 
voltmeter providing three ranges 



For the 15-volt range the resistance to be added to that already present may 
be calculated from the relation: 0.01 = 15/(5 4- 145 + 72'). Hence 72' = 1350 
ohms. Similarly for the 150-volt range: 0.01 = 150/(5 + 145 -f- 1350 H- 72"). 
Hence 72" = 13,500 ohms. The circuit diagram for the tri-range instrument is 
given in Fig. 44-13. Note that a galvanometer is diagrammatically represented 
by a circle enclosing a “G”. In a similar way a circle enclosing a “F” would 
represent a complete voltmeter, and one enclosing an “A” would indicate an 
ammeter. 

44.9. Ammeters. An ammeter employs the same type of “works” as a volt¬ 
meter or a galvanometer, only the accessory resistors and their arrangement, 
and of course the scale, differ. It must be kept clearly in mind that a given 
meter-movement will give a definite deflection of the needle for a particular 
current no matter what may be the arrangements of accessory resistors or how 
large their resistances. In the above examples this current was 0.01 amp in each 
calculation. Obviously if this instrument is to be used as an ammeter for any 
range greater than 0.01 amp a by-pass, called a shunt, must be provided to 
carry any current in excess of 0.01 amp for full-scale currents, and correspond¬ 
ing portions for smaller currents. By arranging additional shunts any ammeter 
may be given additional ranges. The general principle involved should be made 

clear by the following typical example. 

(3) Show by calculation and by diagram how the galvanometer described in 
example (1) could be employed in the construction of an ammeter having a 
range of 1.5 amp. Obviously a shunt must be provided, as shown in Fig. 44r-14 
to cany 1.49 amp for the full-scale current since only 0.01 amp may be passed 
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through the moving coil itself. The potential drop between the terminals is, of 
course, the same for the coil as for the shunt, and for each it is given by Ohm’s 
law as IR. Using this law it follows, if R is the resistance of the shunt: 1.49 R - 
0.01 X 5 and J? = 0.0336 ohm. It is suggested that the student should show that 
to convert the same meter movement into an ammeter reading up to 15 amp 
would require a shunt having a resistance of only 0.003335 ohm. 



Fig. 44-14. Wiring diagram of an ammeter showing the 

arrangement of the shunt 


44.10. Precautions To Be Observed in the Use of Electrical Instruments. 
When the closing of a switch completes an electrical circuit, electrical flow 
begins instantly. There is no time then for the operator to consider whether the 
switch should be closed, and the electric current does not pause due to any “in¬ 
tuitive feeling” that somebody made a mistake. For example, if in using the 
voltmeter represented in Fig. 44^13 a student should apply leads from a 110- 
volt power line to terminals A and B rather than to A and D, the current throug 
the instrument would be 110/150 or 0.733 amp. This is over 73 times as large as 
the current intended as the maximum and for which the fine wire of the coil was 
selected. The result of such a mistake would be an immediate burn-out of either 
the coil or the series resistor, or both—an expensive mistake. Had he properly 
connected the leads to the AD terminals the resulting current would have been 
110/15,000 or 0.00733 amp, a value well below the intended maximum of the 
instrument, 0.01 amp, and the pointer would have stood at the 110 mark, as i 
should. An even more serious mistake, a really unforgivable blunder, would have 
been made had he employed the ammeter of example (3) in place of the vol - 
meter. In this case the current would have been 110/5 or 22 amp through t e 
coil (2200 times the allowable), and the current through the shunt would have 


been equally disastrous. . 

It is wise for the student or for the research w'orker to form the habit o 

mentally checking the magnitudes of the probable currents; and also of follow¬ 
ing through the entire circuit say with his index finger, to see whether every¬ 
thing is in order, before closing the switch. If in doubt he should consult some 
person competent to give reliable information or advice before proceeding. 
Again, suppose that a resistor is to be joined to a 110-volt power line and use 
as a heater and that it has been calculated that a current of 5 amp is require . 
Obviously a resistance of 22 ohms is needed (Ohm’s law). This does not mean 
that just any resistor having a resistance of 22 ohms will serve the purpose, 
must be one which was wound with resistance wire large enough to carry 5 amp 
without becoming excessively hot, yet not so large that it is unduly cumbersome. 
The ability to select the proper one depends on both intelligence and experience, 
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but while obtaining such experience it is advisable that both instruments and 
resistors should be selected only after mental or slide-rule calculations of the 
magnitudes involved have been made. Most laboratory resistors, or rheostats, 
are made adjustable through a slider and have three binding posts. The entire 
resistance should be included at first. This means the selection of the proper 
two out of the three possible binding posts must be made. Whether used con¬ 
structively or destructively, electricity wastes no time after a switch is closed. 
Proceed with caution. It is wisely becoming a general practice to include in 
electrical circuits automatic circuit breakers or suitable fuses to protect delicate 
instruments as well as personnel. 


Problems 

1. A flat circular coil of 80 turns carries a current of 0.5 amp. If its radius is 16 cm 
what is the strength of the magnetic field at its center due to the current? (Ahs. 1.571 
oersteds) 

2. Suppose that the coil of Problem 1 is in a vertical N-S plane and that the current 
is in the direction indicated in Fig. 44-2(b). What would be the deflection of a compass 
needle placed at the center of the circle when the current is turned on if the horizontal 
component of the earth’s field is 0.2 oersted? 

3. Find the magnetic field strength at a distance of 20 cm from a d-c power line 

carrying SO amp. If the cable is in a N-S direction in a region where the earth’s hori¬ 
zontal magnetic field is 0.20 oersted and the compass needle is held 20 cm directly below 
the wire, what would be the deflection, and in which direction if the current flows 
north? (A7i.s. 0.8 oersted, west of north) 

4. How much work would be required to carry a unit N pole around the cable of 
Problem 3 against the magnetic field? 

5. An electrician is asked to build a solenoid 60 cm long to give a field in its central 
portion of 25 oersteds when a current of 5 amp flows. Find the total number of turns 
that must be wound on the solenoid tube. (A/w. 238 turns) 

6. Explain whether the solenoid of Problem 5 must have all its turns in a single layer 
in order for your result to hold. IIow would doubling the diameter of the solenoid 
affect, if at all, (a) H, and (b) the total magnetic flux, <#>, through the solenoid? 

7. Assuming the solenoid of Problem 5 to have a diameter of 4 cm, what would be 
the total number of lines within the solenoid? (Ans. 314.2 lines) 

8. If the cable of Problem 3 is in a region where the vertical field of the earth is 
0.5 oersted, what would be the force on a 10 m length of the cable? In which direction 
would the cable move, slightly, when the current is turned on? 

9. A galvanometer scale has 100 divisions and gives a full-scale deflection when a 
potential of 50 millivolts is applied to its terminals. What is the current if its resistance 
is 25 ohms? What millivoltage is indicated by a deflection of 60 divisions? How could 
the instrument be converted into a voltmeter with a range of 10 volts? (Ans. 0.002 amp, 
30 millivolts, 4975 ohms in series) 

10. How could the galvanometer of Problem 9 be converted into an ammeter having 

a range of (a) 1 amp? and (b) of 10 amps? 

11. The pointer of an ammeter stands at the 5-amp division line of the scale when 
the current through the coil is 0.012 amp. What must be the resistance of the ammeter 
shunt if the coil has a resistance of 6 ohms? (Ans. 0.01443 ohm) 

12. Find the resistance between the terminals of the ammeter of Problem 11, 
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13. A certain ammeter ha? a resistance of 0.012 ohm. What current would flow 
throuirh the instrument if by mistake it were connected across the terminals of a 6-volt 
storage battery having an internal resistance of 0.018 ohm? What effect would you 
cNpect the mistake to have on the ammeter? (Ans. 200 amp (Burn-out)) 

14. Laboratory voltmeters are often provided with three ranges—3-volt, 15-volt, and 
loO-volt. How many times the normal current would flow through if to the 0-3 termi¬ 
nals leads from a llO-volt power line were attached? 



The Measurement of Resistances, Cur¬ 
rents, and Potentials, with Applications 


In Chapter 43 the meaning of Ohm’s law was explained and some applications 
were given. In the previous chapter the principles and the action of certain in¬ 
struments needed experimentally to check Ohm’s law were outlined. In the 
present discussion several accurate methods for measuring resistances, currents, 
and potentials, together with applications, will he treated. In both routine lab¬ 
oratory procedure and in research work it is important to keep in mind the 
magnitudes involved and to see that no instrument, nor even a simple resistor, 
is called upon to carry more current than that for which it was designed, and 
that delicate instruments are not employed in coarse routine work for which 
more rugged types would serve equally well. A watchmaker does not use a 
blacksmith’s screwdriver or tongs or a lathe from the machine shop. The reverse 
arrangement would be equally foolish. A laboratory standard voltmeter costing 
imndreds of dollars would serve some purposes no better than a panel meter of 
the same range costing only a few dollars. Rugged rheostats supply the same 
resistance ranges as are supplied by expensive resistance boxes and are far 
more easily repaired. Each has its place, and one of the most important practi¬ 
cal aims in a course in general physics is to acquire the basic understanding and 
feeling required for the intelligent use of instruments of precision. One who has 
this will never insert a voltmeter into the main circuit and expect it to carry 
the full current, for it is designed to carry only the minute current needed to 
produce a deflection proportional to the potential difference being measured. 
Nor would he place an ammeter, with its negligible resistance, across power 
lines where it would burn out instantly, because it is designed only to measure 
the current; accessory resistors must provide the controls required. 

45.1. Variable Resistors. The most commonly used electrical equipment is 
the rheostat, of which a common form is shown in Fig. 45-1, the wiring in (a) 
and a complete commercial rheostat in (c). When the connecting leads are con¬ 
nected to terminals A and B it serves merely as a fixed resistance, but when tiie 
two leads are connected to A and C, then only the resistance of tiie wire between 
the slider, S, and A is in the circuit. Actually either A or B could serve ec|ually 
as the second terminal; but it is important for tlie user to keep in mird which is 
actually being used, for in the position shown in (a) the resistance of .bS is far 
greater than that of SB. For the arrangement shown the resistance decreases as 
S is moved to the left. It is understood, of course, tliat the rlieostat wire is in- 

485 



4S6 


RESISTA.\CES, CURRENTS, AND POTENTIALS 


sulated from the frame of tlie rheostat by the procelain tube on which it is 
wound and, also, that the slide rod is insulated. Most such rheostats are wound 
with “Xichrome” wire which, like the heater elements of an electric stove, does 
not deteriorate appreciably even though operated up to a low-red temperature. 
Actually the adjacent turns may touch each other, but the oxide coating pro¬ 
vides adequate insulation since there is but a small PD between them. The 
rheostat is frequently used as shown in (b) in case only a fraction of the entire 
PD between A and B is required for a branch circuit connected to B and C. 
Obviously the latter may be given any PD between zero and the full PD by 
moving S from B io A. For most cases the actual resistance of the rheostat does 




Fio. 4r)-I, PcluMuafic diagram of a .simple laboratory rheostat used (a) only in part, 
and (b| as a potentiometer. In te) is shown a typical laboratory rlieo.^tat (Courtesy 

of Central Scientific Co.) 


not enter into the calculations, since it is used mainly to control roughly the 
magnitudes of the potentials or currents employed. Its label should give its re¬ 
sistance and its current-carrying capacity. 

45.2. Resistance Measurements by the Ammeter-Voltmeter Method, By 
use of the circuit shown in Fig. 45-2 it is possible to determine an unknown 
resistance, A', with an accuracy wliich depends on the instruments employed and 
their resistances in comparison with that of A". The ammeter, .4, gives the cur¬ 


rent, I, flowing througli A*, and the voltmeter, V. gives the potential drop across 
X. From these two readings one may compute A' from Ohm’s law since X = V/L 
It is presumed that tlie resi.-'tance of V is very large compared to that of -V, as is 
likely to bo tlio case. If this is not true the current taken by the voltmeter, com¬ 
pared to that flowing through A', is not negligible and an error is introduced 
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since A gives the current taken by V and X jointly. On the other hand, if the M 
terminal of V were connected to N instead, A would give the correct value of 1; 
but the reading of V would include the very slight potential drop which occurs 
across A. This will be inappreciable if the resistance of A, always small, is 
negligible compared to that of X, Although either error could be calculated from 
the known resistances of V and of A, other methods which do not involve such 
difficulties, even though not as simple, are available. 


Fig. 45-2. Wiring diagram of a method of determining 
directly an unknown resistance by means of ammeter 

and voltmeter readings 


45.3. The Wheatstone Bridge. Sir Charles Wheatstone (1802-75) described 
in 1843 a circuit for measuring resistances, which is free from the difficulties 
mentioned in the preceding paragraph. Its principle may be understood readily 
by the river analogy suggested in Fig. 45-3(a) in which a river flowing from A 
to B has its stream divided by an island situated between A and B. The river 

level drops from A to B by exactly the same 
amount whether one passes along the C branch or 
the D branch, regardless of the lengths or the sizes 
of the branches. It must be obvious that for any 
level, such as that at the point D, in the one 
branch there must be some point in the C branch, 
such as K, where the water has the same level 
and, if a trench across the island joining K and D 
were dug and allowed to fill with water, no cur¬ 
rent one way or the other would flow. Obviously 
water would flow to D from any point above K 
and from D to any point in the C branch below K 
(see dotted lines). 

In (b) is shown an analogous electrical circuit 
which is known as the Wheatstone bridge. If A 
is at a higher potential that B the fall along the C 
and the D branches must be exactly the same and, for any point represented by 
the point D on the D branch, there must be a point, K, of the C branch which 
has the same potential. A galvanometer, joined to D and to K, then shows no 
deflection when contact is made at K. But there will be a current through G if 
contact to the C branch is made at any point other than K. The experiment in 
the laboratory requires the student to alter the ratio of the resistances and 
until it is the same as the ratio of the unknown A' to that of the fixed known re¬ 
sistance R; in other words, until the absence of any current through G indicates 
that the potential of K is tlic same as that of D. When such is the case the poten- 




Fig. 45-3. (a) A river-analog 
to the Wheatstone-bridge cir¬ 
cuit shown in (b) 
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tial (hop in AD is the same as that in AK, and the drop in DB is the same as that 
in KB. Hence the following relations hold: If Ijy is the current in the ADB 
hranch, and 7^ that in the ACB branch, then it follows: = and 

/j,7? = By division X/R = r^/r^ and X ~ R is usually a standard 

resistance box of the type shown in Fig. 45-4 and may be adjusted readily to a 

value reasonably near to that of X; and 
may be made similar to R, but usually the 
branch ACB is a stretched bare resistance 
wire onto which a sliding key, K, may be 
pressed at any point. Since the resistance 
of such a wire is proportional to its length, 
the relation given above may be written: 
A' = 7 ?Z/j/ 7/2- Thus, to determine the value 
of A', one has merely roughly to balance 
R against A" and then move the contact 
key to that point K which has the same 
potential as D. Theoretically any value 
of R would serve the purpose; but, if it 
differs greatly from X, then any error in R or in the setting of K would introduce 
a larger percentage error in the result for the resistance of X. Since the simple 
form of Ohm's law docs not apply to alternating currents in some cases, or to 
fluctuating direct currents in circuits containing capacitors or inductors (see 
later), the ^^'hcatstone bridge is unsuitable 
for measuring the resistance of such circuits. 

Nor should the conductor being measured 
include any electrolytic cell. 

45.4. The Potentiometer. Perhaps the 
most common electrical measurement is the 
determination of potentials whether one is 
working in a physical, chemical, physio¬ 
logical, or any other laboratory in which 
electrical circuits are employed. Instruments 
especially designed to make such measure¬ 
ments are known as potentiometers, al¬ 
though in practice they may have many dif¬ 
ferent forms. Some involve the use of slide 
wires, others resi.'^tance boxes, but generally 
incorporating devices or schemes devised to 
make the instrument direct-reading and 
also to permit frequent check.s again.<t a 

standard of potential difference. The essentials of potentiometer circuit are 
sliown in Fig. 45-5fa). 

The circuit shown in Fig. 45-5fa) includes a battery, B, which must have 
an EMF greater than any potential to be measured and a capacity large enough 
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Fig. 45-5. fa) Schematic representa¬ 
tion of a potentiometer circuit, fb) 
Wiring diagram of a potentiometer 
circuit arranged to calibrate an am¬ 
meter, using a standard resistance, 

R. 



Fig. 45-4. Typical laboratory dial- 
type resistance box (Courtesy of the 
Central Scientific Co.) 
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to ensure a steady current throughout the period required for a measurement. 
The rheostat, R, makes it possible to employ a definite current through the MN 
portion of the circuit, which is used to measure potentials, and thereby to 
simplify calculations. At M there is joined a parallel circuit which may be made 
to include either a standard cell, S, or the unknown source of potential, X, ac¬ 
cording to the position of the switch at K. Obviously if the positive poles of B 
and S are connected to the same point, M, they will remain fixed at the same 
potential. Since B is chosen to provide a greater drop in potential than that of 
either S or X, there must be a certain point, L,, such that the fall in potential 
along MLj, exactly equals but opposes the EMF of the standard cell, S. When 
this is the case no current will flow through the galvanometer, G. If then K is 
thrown to substitute X for iS there will be in general a current through G in one 
direction or the other, depending on the relative magnitudes of the potentials 
supplied by S and by X; until the contact point on MN is changed to a par¬ 
ticular position, Lj, such that the fall in potential along A/L^ neutralizes the 
gain due to X. Since for either adjustment there is no current through G it 
means that the current in MN is constant. From Ohm’s law it follows that 


X __ Fall in potentia l along ML^ _ h 
S ~ Fall in potential along ML, 1, 


where Ij. and are the lengths of the resistance wires, ML^. and ML^. Laboratory 
potentiometers are generally of the slide-wire type, but for technical uses and 
in research and clinical laboratories the wire is generally wound spirally on a 
large drum, in order to make use of a longer wire and thereby to secure greater 
sensitivity in practice (though not in theory) as well as a more compact instru¬ 
ment. Other potentiometers may employ plug or dial resistance boxes in place 
of a resistance wire, in which case the ratio: must be substituted for Ij-Zl, 


in the above equation. 

An outstanding advantage of the potentiometer lies in the fact that in the 
final adjustment in each determination no current whatever is taken from the 
source of potential difference being measured, hence no error introduced due 
to cell resistance or to changes in ionic density. 

45.5. The Standard Cell. While most cells maintain a reasonably constant 


potential difference between their poles when only minute currents are drawn, 
the values vary from cell to cell and are none too constant over a long period 
of time. However, through the use of properly selected and pure components it 
is possible to construct a cell, such as the Western Standard Cell, shown in 
Fig. 45-6, which not only has a definite EMF (1.0183 volts) but will maintain 
it over a period of years, assuming normal usage. The positive pole (see a) is of 
pure mercury covered with a mercurous sulfate paste and the negative electrode 
is of cadmium amalgam. The electrolyte is a solution of cadmium sulfate and 
each leg of the H-shaped glass cell contains a supply of cadmium sulfate 
crystals so that the solution is at all times saturated. Since the cell is hermetic¬ 
ally sealed [b] and since at no time is an appreciable current drawn, the cell i:. 
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able to maintain an invariable potential. The concentration of the solution must 
vary with the temperature slightly; hence its EMF likewise depends somewhat 
on the temperature, but only slightly, and that in a known manner. Obviously 
the standard cell is not a practical source of electrical current and might be 
ruined by any attempt to use it as such. In laboratories generally it provides 
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Fio. 4r)-0. Weston standard cell, for use with i)otentioineters 

tiu' basis for precision electrical measurements, as it offers a more practical 
starting point than any magnetic effect. 

45.6. The Calibration of Ammeters by the Potentiometer Method. Ohm’s 
law is usnally written in the form I = V/R. If, therefore, the potential drop 
aloiiK a standard resistance, /f„ is measured with precision by means of a po¬ 
tentiometer. then the current flowing can be calculated with equal precision. One 
lias merely to substitute an ammeter circuit for the A' circuit of Fig. 45-5(b) in 
order to measure currents with iirccision. Currents thus determined may be com- 
l-ared witli tlic corresponding ammeter readings and the ammeter thereby 
calibrated. The potentiometer may be used in a similar manner to calibrate a 

voltmeter. Tlic usefulness of the method rests on the practical invariability of 
tlic value of R^. and of with time. 

means of a hydrogen electrode 
(.see next chapter and also texts on physical cliemistrv) it is possible to obtain 
an accurate measurement of the degree of alkalinity or acidity of a solution in 
which it is immersed. This is done by tlie determination of the difference in 
potential between this electrode and a reference electrode in an associated half¬ 
cell. All acids yield iiydrogen ions; even pure water slightly dissociates, but only 
to the extent that in 1 liter of water there is present gm of hydrogen ions. 

coruention it is .-^aid to have a pH value of 7. If a .solution of hydrochloric 
acid has 0.001 gm of Iiydrogen ions pvr Wivr it is .-^aid to have a pH number of 3. 
Tims the innneriral value of the exponent f.s taken as the pH value. Values below 
7 indicate an acid solution: above 7, an alkaline solution and the higher the 
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number the greater the alkalinity; just as below 7 the lower the number the 
greater the acidity. Determinations of pH have been made generally by means 
of a commercial potentiometer, although recently electronic circuits have 
tended to replace this instrument. Such determinations are of widespread im¬ 
portance in physical, industrial, and biologic chemistry. In clinical bacteriology 
it is found possible to exercise a marked effect on the rate and manner of growth 
of cultures through proper pH controls. 

45.8. Further Considerations of Energy, Heating Effects, and Power. In 
Chapter 43 it was shown that on the basis of the practical units now in use the 
power expenditure in watts is given by one of the forms included in the follow¬ 
ing equation: W ~ IV = PR = V^/R where / is the current in amperes, R the 
resistance in ohms, and V the potential in volts. These relations are of general 
application and may be used in dealing with such extreme cases as an x-ray 
tube operating at one million volts, or a minute heating coil buried in the flesh. 
The energy in joules delivered can be obtained by multiplying any one of these 



expressions by the time in seconds during which the power is expended, and 
the calories liberated due to the heating effect of the current by multiplying the 
energy expenditure in joules by the calorie equivalent of the joule, tliat is, by 
0.24 (since 1/4.187 = 0.24). Thus the number of calories liberated, H, in t 
seconds is given by the relation: H = 0.24 IVt = 0.24 PRt = 0.24 V‘^t/R. 

Just as in mechanics friction either may be of value or may result in great 
losses, depending on circumstances, so in electricity the resistance of a conductor 
may be of great value, or may be responsible for large losses of energy. It is of 
great utility in all cases where the heating effects or the illumination by incan¬ 
descent filaments arc desired. Thus the heating elements of electric stoves, 
sterilizers, toasters, irons, etc., are made of a metallic alloy'having a high resist¬ 
ance and the important quality of withstanding corrosion or disintegration at 
high temperatures. On the other hand, the conductors supplying such devices 
should have as low resistances as is practicable, as any heat produced along the 
conductor, say in tlie wall of a residence, is a complete loss and also a source of 
danger. In order to guard against excessive currents in such conductors cacli 
circuit must be provided with fuses, of which two types are shown in Fig. 45-7. 
The essential element of any fuse is a short conductor of an alloy, F, having a 
melting point well below the ignition temperature of any surrounding material. 
They are of graded current-carrying capacity, so that only a safe overload is 
permitted in the circuits controlled. For an electric range the fuse in the main 
circuit may be labeled “60 A,*’ whereas for a lamp circuit the requirement may 
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1)0 [\ fuse labeled “6 A.” A 60-amp fuse in a circuit intended for only lamps and, 
therefore, wired with relatively small wire would afford little protection against 
destruction by fire of any inflammable material surrounding the circuit wires 
should there develop a ‘"short” in any portion of the circuit, including also the 
lamp or other device which may be supplied by the circuit. No person who 
understands this is likely to replace a burned out fuse wire by a copper or other 
conductor of low resistance and high melting point. Delicate electrical instru¬ 
ments and some radio circuits may require “little fuses” which limit the current 
to but a fraction of an ampere. Tlie selection of the proper fuse for any circuit 
is a far more important matter than is often realized. 

In the case of power circuits intended for large currents the protection is 
usually provided by magnetically operated circuit breakers which can be reset 
after the cause of the overload has been discovered and removed. 

45.9. The Use and the Limitations of Resistors. Resistors are generally 
labeled in watts, ohms, and in cuiTent-carr>*ing capacity, as indicated in a 
previous section. A resistor providing a resistance of, say, 40 ohms may be no 
larger than a short section of a lead pencil, or it may have dimensions ap- 
I)ropriately expressed in feet. Tiie wattage rating of a resistor is determined by 
the rate at which it is able to dissipate heat energy. The capacity of any re¬ 
sistor may be increased by blowing a current of air over the resistor, passing 
a stream of water or oil through it, or even by mounting it so that air convection 
is favored. Resistors used in radio sets are likely to be very small in most parts 
since the currents employed are minute, but in a broadcasting station they 
must have dimensions appropriate for the power dissipation demanded. Since 
much of the heat is lost by radiation the resistors are generally dark and have 
surfaces of high emissivity. In electronic apparatus generally provision is made 
also for cooling by convection currents. 

45.10. Thermoelectric Effect. It has been shown that many of the facts 
relative to static electricity and also to the action of galvanic ceils can be 
accounted for on the basis of the unequal attractive forces between electrons 
and their parent substances. If, for example, iron and copper differ in tlieir 
hold on their electrons, then if an iron wire and a copper wire are joined to¬ 
gether the electrons tend to pass from the one to the other, actually from the 
iron to the copper. If the circuit is completed as shown in Fig. 45-8(a) no cur¬ 
rent will flow if the two iron-copper junctions are at the same temperature, 
since any tendency for the electrons to cross over at the one is opposed by an 
espial tendency at the other. However, the energy changes responsible for these 
electronic movements depend on the temperature; hence it is not surprising 
that there is a net electronic flow whenever the two junctions between two 
unlike metals are at different temperatures, and that the flow depends on the 
temperature differential. This thermoelectric phenomenon is known as the 
Seebeck Effect in honor of Tliomas .1. Seebeck 11770-1831) who discovered 
it in 1821. 

In the example considered the direction of the flow is as indicated. The 
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voltage produced is independent of the size of the conductors, just as was 
true in regard to the production of potential differences in electrostatics, or 
with respect to the electromotive forces of galvanic cells. The thermoelectric 
force does not vary linearly as the temperature difference between the two 
junctions, except for small ranges, and the increase per degree depends on the 
temperatures as well as on their difference. The nature of the variation for an 
iron-copper thermocouple is shown in Fig. 45-8(b) which shows that if the 
temperature of one junction is kept at zero the thermoelectromotive force 
reaches a maximum at 275 ®C and then 
falls to zero at 550°C and reverses in 
direction if the heated junction is car¬ 
ried to a higher temperature. The curve 
has the form of a parabola. The tem¬ 
perature corresponding to the vertex is 
known as the neutral temperature. 

The magnitude of the thermoelectric 
effect depends on the metals included 
in the thermoelectric couple and the 
temperature range through which it is 
employed. Since the thermoelectromo¬ 
tive force varies with the difference be¬ 
tween the temperatures of the two 
junctions it should be possible to keep 
one of the junctions at a constant tem¬ 
perature, say that of an iced bath, or 
simply room temperature, and to use 
the other junction as a thermometer 
element, since its temperature would 
be indicated by the thermoelectromotivc 
thermometers offer our very best means of measuring temperatures in a large 
number of cases. They are convenient, quick in action, absorb little heat, and 
cover wide ranges. Actually comparatively few combinations of conductors arc 
suitable from a practical standpoint for use as thermo-elements in thermoelec¬ 
tric thermometers. The following arc among tlie requirements to be met: the 
metals must provide a relatively uniform and sufficiently large increase in 
thermal EMF with temperature, througliout the range in temperature con¬ 
cerned; they must not I)c subject to cliangc of state or to appreciable corrosion, 
and each member of the couple should be of uniform quality throughout it.< 
length. The following are the more widely used thermocouples now employed 
(their practical ranges are indicated in parentheses): platinum to platinum- 
rhodium (0° to 1()00°C), ebromel to alumel ( — 200° to 1200°('), iron to con- 
stantan (—200° to 1200°C’|, and copper to constantan (—200° to 3oO°C). 

To measure the thermal EMF produced and thereby to determine the tem¬ 
perature of the hot junction of a thermocouple the potentiometer is to be pre- 



lb) 


0 200 400C 

Temperature of hot junction 

G 



0 


t'C 

(hot) 


Copper 


/ 


7 


OC 


> 

o 


Iron 


<5k 




(a) 


Fig. 45-8. (a) The measurement of tem¬ 
peratures by means of a thermocouple 
and a galvanometer, (b) The variation 
in the thermoelectromotive force with the 
temperature of the hot junction 


force produced. Indeed thermoelectric 




494 


RESISTAXCES, CURRENTS, AND POTENTIALS 

ferred. It requires no flow of current in the final adjustment, hence there is no 
error introduced due to any heating or cooling effect which might result from 
any thermoelectric current. Since the effect is independent of the size of the 
thermoelements and of the length of the leads, the thermocouple employed may 
be given the form of a bimetallic needle. Such a form is particularly suitable for 
measuring the temperature, for example, inside a muscle, or a body cavity, or 
subcutaneously, in the manner indicated in Fig. 45-9. Indeed thermocouples 
may be made so minute that their own heat capacity is quite negligible. For 



Fig. 4.V-0. Electrical method of measuring temperature, for example, in muscles (Cour¬ 
tesy of Leeds and Xorthrup Company) 

practical uses generally sufficiently accurate results may be obtained by measur¬ 
ing the thermoelectric potentials developed by means of a simj)le millivoltmcter. 
Actually for high temperature measurements the room temperature may be used 
for the cold junction and the temperature, such as that of a furnace, may be 
road directly from a scale calibrated in degrees of temperature rather than in 
millivolts. As a ])rotection against mechanical damage and corrosion, thermo¬ 
couples used for high temperatures are generally enclosed in quartz or porcelain 
tubes. 

45.11, Resistance Thermometers. In Chapter 43 attention was called to the 
variation of the resistance of a conductor with its temperature and to the fact 
that this variation could be represented, approximately, by the equation 
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+ ^0 where is the resistance of a conductor at 0®C, its re¬ 
sistance at and k is the temperature coefficient. Methods have been dis¬ 
cussed, in the preceding sections, which make possible the accurate measurement 
of resistances directly by the Wheatstone bridge, or indirectly by the use of 
potentiometers. Other bridges and special forms of potentiometers are also avail¬ 
able. The sensitivity and the precision attainable with a resistance thermome¬ 
ter are higher than are afforded by a thermocouple provided all factors affecting 
the resistance are under control. For precision work a platinum wire is likely 
to be the choice, because of its wide range of usefulness and its freedom from 
corrosion, although copper and nickel are widely used. Resistance thermometers 
do not have the handicap of a neutral temperature or an inversion temperature, 
as do thermocouples, and their resistance versus temperature relation is more 
nearly linear. Resistance thermometers are better adapted, also, to obtain a 
mean temperature over an area, or throughout a volume than the thermoelectric 
thermometer which reacts to the temperature of only the particular location of 
the couple. 

A great advantage possessed by both thermoelectric and resistance thermom¬ 
eters lies in the fact that their indications may be continuously recorded 
automatically, through making use of one of the many types of electrical re¬ 
cording instruments now available. 

45.12. Thermopile. Frequently it is advantageous to increase the sensitivity 
of a thermocouple since the EMF’s produced by the usual differences of tem¬ 
perature available amount to only a few millivolts. By arranging a number of 


Fig. 45-10. Wiring diagram of a thermopile used 
to measure thermal radiation 



couples in series it is possible to increase the effect by a factor equal to the 
number of couples in scries. Such an arrangement is known as a thermopile and 
is quite analogous to the famous voltaic pile. It is particularly useful in measur¬ 
ing radiation effects, since one set of junctions can be blackened and exposed to 
the radiation and the otlier set shielded from the radiation. A typical arrange¬ 
ment of couples in series for receiving radiation is shown diagrammatically in 
Fig. 45-10. 

Attempts have been made to utilize the thermoelectric effect to generate 
electric power by having one set of terminals exposed to low temperatures, such 
as that of the ocean depths, and tlie other set exposed to the sun s radiation, 
or one set in a furnace flue, the other in a room at normal temperatures. While 
such arrangements work in the manner predicted, the cost of installation and 
the bulk of the equipment required make them uneconomical. Moreover the 
heat losses by heat conduction along the conductors and the heating etfect re- 




406 


RESISTANCES, CURRENTS, AND POTENTIALS 

suiting from the work done in reversing the normal direction of flow at the cold 
junction (known as the Peltier effect) tend to lower further the efficiency of 
such installations. Nevertheless under special circumstances they have been of 
great value. 

It is important to note that thermoelectric and also contact potentials, the 
name given to potentials arising out of close proximity of dissimilar conductors, 
may unexpectedly introduce errors into the results obtained with circuits in 
which conductors of various materials are employed. AVhenever differences in 
temperatures arise due to heat losses in resistors or in electronic tubes, or to 
body sources, or to any other cause, incorrect readings are likely to be made. 
These errors may be relatively serious when dealing with the low potentials 
associated with muscular actions, for example. Many confusing observations 
and erroneous conclusions have resulted from failure to eliminate such spurious 
effects or to be conscious of their presence. Some investigators insist on instru¬ 
ments reading to microvolts yet do nothing about unknown thermoelectromo¬ 
tive forces amounting to millivolts. 


Problems 

1. A certain rheostat has a total of 500 turns. What would be the voltage between 
adjacent turns if it were connected across a 110-volt power line? How many feet of 
resistance wire would be required to wind it if the diameter of the rheostat tube is 2 in.? 
(Ans. 0.22 volt, 261.8 ft) 

2. A certain student is given a rheostat marked “5 amp, 25 ohms.” Would it be safe 
to connect it across 120-volt power mains? How much current would flow? What is the 
maximum wattage indicated by its label? 

3. A resistor is connected into a circuit as shown hv X in Fig. 45-2. If the ammeter 
reads 3.6 amp and the voltmeter 55.8 volts, what is the approximate resistance of the 
resistor? How many calories of heat would be liberated during a 5-min test period? 
(A7 ?s. 15.5 ohms, 14,410 calories) 

4. A radio resistor is rated at 4 watts and has a resistance of 10,000 ohms. What is 
the highest voltage which can be applied safely to its terminals, and what current 
would it carry at this voltage? 

5. A laboratory group measured the resistance of a coil by means of a Wheatstone 
bridge, using the arrangement of Fig. 45-3(b) and a bridge wire 100 cm long. If R 
was made equal to 40 ohms and the neutral point, K, found to be at 36 cm from A, 
what was the resistance of the coil? Where would K have been had they used 30 ohms 
in place of 40 for R? {Ans. 22.5 ohms, 42.86 cm) 

6. In a laboratory experiment with a Wheatstone bridge one coil was found to have 
a resistance of 36 ohms, and another 30 ohms. Show a diagram of an arrangement by 
which the two coils connected in parallel could be measured? Where would be the 
neutral point, K, if R w'ere made 20 ohms? 

7. A student uses a 2-volt storage cell to operate a potentiometer of the type shown 
in Fig. 45-5(a). If the balance point for the Weston standard cell is at 46 cm, what 
is the EMF of a cell for which the balance point is at 69 cm? fAn.s. 1.5275 volts) 

8. Find the balance point for a Daniell cell whose EMF is 1.08 volts, using the same 
arrangement as in Problem 7. 

9. Suppose that the auxiliary resistor R in Fig. 45-5fa) is adjusted until the balance 
Iioint when K is up and is at 50.92 cm (or 1.0183/0.02). How would this simplify 
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the determination of electromotive forces with the potentiometer? What EMF’s would 
correspond to values of of 61.30, 75.23, and 53.72 cm? (i4«5. 1.2260, 1.5046, and 
1.0744 volts) 

10. A platinum resistance thermometer has a resistance of 24 ohms at O^C. What 
would be its resistance if placed on skin at a temperature of 34'’C, assuming k for 
platinum is 0.0038? 

11. If the thermometer of Problem 10 has a resistance of 25.6 ohms in a laboratory 
room, what is the room temperature on the centigrade and also on the Fahrenheit 
scale? {Ans. 17.4°C, 63.3°F) 

12. If the temperature coefficient of resistance for manganin is 0.00001 and of copper 
0.0042, by what percentage, in each case, would the resistance of a coil be varied as 
a result of a change in room temperature from 15° to 25°C? Your answers to this 
question should furnish the explanation of one reason why coils for resistance boxes 
are generally wound with manganin wire. 

13. If a resistor is being measured by the arrangement shown in Fig. 45-2 and the 
voltmeter is connected to P and N and indicates 50 volts when the ammeter reads 3.2 
amp, what is the approximate resistance of .Y? What is the correct value if the resist¬ 
ance of the ammeter is 0.01 ohm? {Ans. 15.63 ohms, 15.62 ohms) 
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The work of Volta in 1800 indicated a close connection between the chemical 
properties of various substances and various electrical phenomena. The modern 
physicist or chemist has abundant evidence that most of the chemical and 
many physical properties of the various elements can be explained on the 
basis of their electrical properties. Since Volta’s time it has been known that 
very many compounds in aqueous solution find their binding forces so weakened 
that the molecules break into parts; that is, they dissociate to an extent which 
depends on the nature of the compound. In general the cleavage does not leave 
each part electrically neutral, for one part is likely to have one or more 
extra electrons and, therefore, to behave as an electronegative particle while 
the other part will carry a corresponding positive charge and act as would be 
expected of an electropositive particle. If subjected to an electric field by the 
introduction of suitable positive and negative plates, called electrodes, each 
set of particles will move slowly toward the electrode of unlike sign and, on 

that account, they are called ions (wanderers). For 
example, HCl in solution will break in part into 
H+ and Cl“ ions and, if a field is applied, the H’*' 
ions will move toward the negative electrode (called 
the cathode) and the CI“ ions will go in the op¬ 
posite direction toward the positive electrode (called 
the anode). Ions which move to the anode- are 
called anions; those which move to the cathode, 
cations. Faraday gave to the liquid in which such a 
process takes place the name electrolyte and to the 
process, electrolysis. In the example given the ions 
Fig. 46-1. Schematic dia- are very simple; each is but a single atom carrying 
gram showing the direction a charge of but a single electron. But such simplicity 
of the movement of ions m jg exception, rather than the rule. Polyatomic 

containing dilute hydro- "^^lecules must dissociate into more complex ions 
chloric acid and employing split into more than two parts; for example, 
platinum electrodes H 2 SO 4 dissociates into H+, H+, and 804 “. Also, 

ions of either sign may become attached to colloidal 
or other particles, perhaps to large protein molecules such as are found in the 
body fluids, and thereby become large, slow-moving ions and in turn make 
po.ssible electrical action on substances which normally do not dissociate—a 
very great advantage in many cases. Indeed there is some evidence that even 
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the simple ion has but a brief existence before it becomes attached to a 
water molecule and becomes a H 3 O+ ion, and that other initially simple ions 
behave in a similar fashion. While such attachments would cut down the speed 
of the ions it w^ould in no way affect the final results of the electrolytic action; 
hence, in the following sections the ions will be assumed to remain simple 
throughout their existence as such. 

46.1. The Electrolysis of Hydrochloric Acid. Suppose that two platinum 
plates, represented by A and C in Fig. 46-1 are joined by conductors to a bat¬ 
tery, B, and then partially immersed in a dilute solution of hydrochloric acid, 
in the manner indicated. Such a solution is highly ionized, and the introduction 
of platinum electrodes in no appreciable way affects the situation, because, 
neither the cations nor the anions can attack 
this metal. With the switch open the anions 
would tend, possibly, to become adsorbed on 
each plate but the process could not long con¬ 
tinue since an opposing charge accumulating 
on the plate would soon bring the action to a 
halt. If, now, the switch be closed, the elec¬ 
trons brought to the anode by the anions, 
would move to the positive pole of the battery. 

The field established by the battery within 
the electrolytic cell, w'ould then be free to 
drive any anions near the cathode or between 
the electrodes toward the anode. When tliese 
anions, the Cl” ions, reach the anode they 
give up their charge of one electron each and 
become uncharged atoms of chlorine. These 
combine to form molecules of clilorinc, which 
are liberated at this electrode. 

In a similar manner the cations—that is, 
the H+ ions—arc driven from the anode (posi¬ 
tive) and pulled toward the cathode (nega¬ 
tive) with a force proportional to the PD 
maintained between the two electrodes by the battery and move toward the 
cathode with a velocity in keeping with this force. On arrival their charge 
is neutralized by electrons, one to each ion, supplied by the negative plate of 
the battery and delivered by the cathode. The neutral H atoms thus accumu¬ 
lated combine into molecules an<l, in due time, form bubbles of gas wiiich 
rise to the surface. 

46.2. The Electrolytic Decomposition of Water. For this purpose a dilute 
solution of sulfuric acid (H..SO,,) is generally employed, but the action is en¬ 
tirely analogous to that just described. Since the products of decomposition are 
to be collected, it is convenient to employ an electrolytic cell of the form shown 
in Fig. 46-2. Again the electrodes are of platinum which resists any secondary 
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Fig. 46-2. Demonstration cell for 
.^bowing the electrolytic decom¬ 
position of water into hydrogen 

and oxygen 
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action due to either the H+ or the S 04 = ions. As the S 04 = ion arrives with its 
negative charge, its electrons are given up to the anode from which they flow to 
the positive terminal of the battery. The SO 4 radical then attacks a water mol¬ 
ecule, takes from it the portion and thereby forms a new molecule of H 0 SO 4 
replacing the one which was ionized. This leaves the 0 atom free to join with 
others to form molecules of oxygen. The view is held by some that the transfer 
of ions may occur before the S 04 = ions reach the electrode and that the ions 
contacting the plate are 0= ions. These form bubbles and rise to the surface 
where they may be collected, as long as the current continues to flow. Thus it is 
seen that the amount of acid remains constant and the hydrogen liberated at the 
cathode and the oxygen at the anode are really the decomposition products of 
the water. The volume of the hydrogen is, of course, twice that of the oxygen. 
The energy required for the decomposition is supplied by the outside source of 
potential and the acid supplies the ions required for the process. The actions at 
the cathode and at the anode may be represented, respectively, by the equa¬ 
tions: 

^4c + 4H+->2Ha . 

and 2SOr + 2 H 2 O 2 H 2 SO 4 + 20^ ^ 2 H 2 SO 4 + O 2 ] 

It will be observed that these two matched equations indicate the loss of 2 H 2 O 
from the electrolyte and the passage of 4 electrons. The energy expended in 
bringing about the electrolytic separation of the two components of water may 
be largely recovered by allowing them to reunite by burning, a procedure hav¬ 
ing many practical applications. 

46.3. Electroplating and Electrodeposition of Metals. If in the procedure 
described in the preceding section, a dilute solution of copper sulfate were used 
in place of the solution of sulfuric acid, the resulting electrolytic process would 
have been very similar. In this case, however, the copper ion, Cu+ + , in place 
of the H+ ion, would have migrated to the cathode and have received from it 
the necessary electrons to convert the ion into a neutral atom of copper. How¬ 
ever, the copper, normally a solid, would be deposited as a layer or plating 
on the cathode; whereas the hydrogen escaped as a gas. But, since the same 
negative radical, is involved as in the previous case the action at the 

anode is precisely the same as before and the same equation holds. Obviously 
the solution would be depleted of its Cu++ ions, as the action continues, unless 
they are somehow replenished by some means. This is easily accomplished by 
using, in place of platinum, copper as the anodic material. On a copper anode 
the SO 4 ' ions react and remove from the electrode copper atoms, forming 
CUSO 4 molecules. Thus the copper lost at the anode is replaced at the cathode 
and the electrolyte remains unchanged. 

By the proper selection of the electrolyte and of electrodes it is possible to 
plate with other metals. For example, silver may be obtained from a solution 
of silver nitrate; chromium from a chromic acid bath in which the anode is 
lead and the cathode the article to be plated, although the process requires 
some means of keeping up the desired concentration of chromium in the electro- 
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lyte; and even brass may be directly plated on a cathode through simultaneous 
deposition from a solution of both zinc and copper ions, the constituents of 
brass. Even a plating of rubber can be obtained on the anode directly from 
the milky sap of the rubber trees, used as the electrolyte. This process takes 
advantage of the fact that the colloidal latex particles carry negative signs. 
The rubber thus obtained has particularly valuable properties. 

46.4. Faraday’s Laws of Electrolysis. From the illustrations given it is seen 
that substances may be deposited at either electrode. Hydrogen and practically 
all metals are liberated at the cathode, other substances at the anode. Faraday 
made a thorough study of the problem, varying the time, the current, the elec¬ 
trolyte and the materials in the electrodes, and arrived at the following general 
conclusions, or laws, which bear his name: 

1. The mass of a substance liberated at either electrode of an electrolytic cell 
is proportional to the total quantity of electricity wdiich has passed through. 

2. For the same quantity of electrical charge passed through various cells the 
masses of the substances liberated are proportional to their chemical equiva¬ 
lents. 

That these laws could be discovered and so firmly established long before 
there was any electron theory of matter or even any proof of the actual exist¬ 
ence of the electron speaks well for the experimental work of the early investi¬ 
gators. Few, if any, discoveries have had such a profound influence on both 
physical and chemical theory and on the practical uses of electrical currents. 
Yet each of the laws could be deduced from our present state of electrical theory 
and knowledge of chemical reactions. From the first law one would rightfully 
conclude that a given quantity of charge is always carried by a given mass of 
the ions concerned, hence the mass deposited by a given charge is independent 
of the size of the current wdiich delivered the charge or of whether it was con¬ 
stant or even interrupted. This assumes that the fiow is not too rapid for a 
proper deposition to take place, since experience has shown that a firm adherent 
coating is not obtained if the action is too intense at any point. Nor docs it 
matter whether the electrolytic cell is placed nearer to the positive or to the 
negative pole of the battery or power line supplying the necessary potential 
difference. Incidentally this shows that the current is uniform throughout a 
circuit. 

The second law is of particular interest in chemistiy as it would indicate 
not only that electricity is itself granular but that atoms and radicals can 
themselves carry only the elemental electronic charge or else an integral mul¬ 
tiple of it. Those which carry only one are said to he “worth one,” or univalent; 
those carrying two, bivalent; those with tliree, trivalent, etc. The masses of 
univalent substances deposited by a given charge, therefore, arc proportional 
to their atomic weights. The same holds true witliin a group of bivalent and 
also within a group of trivalent substances. Obviously in the case of a sui)stance 
whose atoms carry two electronic charges each, only half as many atotn.-^ would 
be associated with a given electric charge as would be in the case of a univalent 
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substance. The second law, therefore, becomes valid for all substances if one 
uses, in place of atomic weights, the chemical equivalents; in other words, the 
atomic weights in grams divided by their valences. In the case of a radical 
such as S 04 =, the chemical equivalent is taken as the summation of the atomic 
weights of the radical divided by the valence of the radical as a whole; for 
80^= its value is (32 + 4 x 16)/2 = 48, using approximate values. 

In Table 46-1 are listed certain substances of importance in connection with 
electrolytic work, together with relevant data concerning them. 


Table 46-1. Atomic Weights, Valence, Chemical Equivalents and 
Electrochemical Equivalents of Certain Elements 


Element 

1 

Atomic 

Weight 

1 

Valence 

Chemical 

Equivalent 

Electrochemical 
Equivalent (?) 
in Grams/Coulomb 

Aluminum A1. 

26.97 

3 

8.99 

0.0000936 

Chlorine 

Cl. 

35.457 

-1 

35.457 

0.0003671 

Copper 

Cu. 

63.57 

2 

31.78 

0.0003295 

Gold 

Au. 

197.2 

3 

65.73 

0.0006812 

Hydrogen H. 

LOOS 

1 

1.008 

0.00001045 

Lead 

Pb. 

207.20 

4 

51.80 

0.0005368 

Oxygen 

0 . 

16. 

-2 

8 . 

0.0000829 

Silver 

Ag. 

107.88 

1 

107.88 

0.0011183 

Zinc 

Zn . i 

65.38 

2 

32.69 

0.0003387 


The first of Faraday’s laws may be stated in the following convenient algebraic 
form: m = zQ = zlt, where m is the mass in grams deposited in t seconds by 
a current of / amperes, of a substance whose electrochemical equivalent is z. 
46.5. The Faraday, and Avogadro’s Number. It would be of interest and 
also useful to know how many coulombs of charge are required to deposit the 
chemical equivalent in grams of the various substances. This can be calculated 
by dividing the chemical equivalent in grams by the grams deposited by 1 
coulomb; that is, by z. For hydrogen this gives 1 . 008 / 0.00001045 = 96,500 
coulombs. For silver the value of the ratio 107.88/0.0011183 likewise leads to 
96,500 coulombs. In fact the same value is obtained whichever chemical equiva¬ 
lent is divided by the corresponding electrochemical equivalent, as might have 
been deduced by direct reasoning. This quantity of electric charge, called the 
faraday, is the same for all elements; therefore the faraday may be defined as 
the quantity of electricity which will liberate 1 chemical equivalent of any 
substance. 

It follows from the above relationships that the atomic weight of any element 
divided by its valence and then by 96,500 gives the electrochemical equivalent, 
z, for that substance. Some prefer to solve problems pertaining to masses de¬ 
posited and to the corresponding electrical quantities by the simple proportion: 
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Mass deposited _ Coulombs passed 
Chemical equivalent 96,500 

Actually this amounts to the same thing as the equation given above since from 
this ratio, 


Ch. Equiv. X Q _ At. Wt. X Q 
96,500 Valence X 96,500 


zQ = zli 


which is the equation first stated. The student, therefore, may use whichever 
plan he prefers. 

The value of the elementary unit of charge—that is, of the electronic charge 
—has been determined with great precision as 1.60 X 10~^® coulombs. This 
means that there are 96,500/(1.60 x 10”^®) = 6.02 x 10-® electrons in 1 fara- 
day. According to the present universally accepted theory, a hydrogen ion is 
simply a single atom minus its electron. This means that there are 6.02 X 10“^ 
atoms in the gram atomic weight of hydrogen, and the same number holds for 
any other element. ^Moreover, since atomic weights are not concerned witli 
the valence of the atoms, it follows that 
the number of atoms of any valence and 
of any kind in a gram atomic weight is 
6.02 X 10^3. This is called Avogadro’s 
number. 

It should be interesting to consider the 
quantitative changes that would take 
place if the circuit shown in Fig. 46-3 were 
arranged and a current averaging 0.965 
amp allowed to flow for 10,000 sec or 
2 hr 46.7 min. The total cluirge passing 
through each cell is seen to be 9650 cou¬ 
lombs, or 0.1 faraday. This means that 
0.1 chemical equivalent will be aftected at 
each electrode. More specifically, in the 
first cell, which contains a platinum anode, a copper cathode and a solu¬ 
tion of copper sulfate, 0.8 gm of oxygen will be given off at the anode and 
3.18 gm of copper deposited on the catliode. In the second, which contains 
only platinum electrodes and a solution of dilute hydrochloric acid, 3.547 gm 
of chlorine and 0.1008 gm of hydrogen will be liberated. In the third, contain¬ 
ing only silver electrodes and a saturated solution of silver nitrate, 10.788 gm of 
silver will go into solution from the anode and a like weight will be deposited 
on the cathode. In each of the dry cells the zinc cup will lose 3.269 gm and, in 
the paste, 0.9008 gm of water will be formed in the process of depolarization 
(students should check these numbers). Although anticipating the discussion 
of the storage cell, it may be added that 0.8 gm of oxygen would be removed 
from tbe lead-oxide positive plate of the cell. 
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Fig. 46-3. A group of electrolytic 
cells and a storage cell connected in 
series and joined to a battery of dry 
cells through an ammeter 
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46.6. Voltameters. In the equation given above there appear the quantities 
ni, z, 1, and t. Since the value of z has been determined with great care for a 
great many elements, and since both in and t can now be measured with high 
precision^ it is possible to measure a current with equal precision simply by 
finding the mass deposited in a measured time of a substance whose electro¬ 
chemical equivalent is known with a high degree of certainty. For practical 
reasons copper and silver are particularly suitable for such determinations. 
If, for example, a copper cathode be weighed, then suspended in an electrolyte 
which is a saturated solution of copper sulfate for a definite period of time, then 
again dried and weighed, the mean current responsible for the deposit can be 
calculated from the increase in its weight, the known electrochemical equiva¬ 
lent of copper, 0.0003295 gm/c and the time. The value thus obtained may then 

be compared with the readings of as many ammeters 
as were placed in series in the circuit and the accuracy 
of the latter thereby checked. The electrolytic cell 
especially designed for such work is known as a 
voltameter, a rather unfortunate name since it has 
nothing to do with volts as such. For precision work, 
a silver voltameter, such as the one shown in Fig. 
46-4, is generally employed. It makes use of a plati¬ 
num dish as a cathode which can be weighed with 
precision. However, a water voltameter may be similarly employed since it is 
possible to measure the volumes of hydrogen and oxygen released, as well as 
their temperature and pressure, with high accuracy. Also one may check the 
one against the other, since the volume of the hydrogen should be just twice 
that of oxygen, as would be inferred from the formula, HoO. 

46.7. Considerations of Potentials. In the discussion of the action of simple 
voltaic cells it was pointed out that the various metals in the same electrolyte 
normally establish characteristic potential differences between themselves and 
the liquid and that such potential differences vary widely among the elements. 
For use as electrodes in a voltaic cell elements having widely divergent poten¬ 
tials with respect to the liquid are selected since the EMF of the cell is deter¬ 
mined by these differences in potential. As an example, the EMF of a copper- 
zinc-sulfuric acid cell is roughly 1.1 volt. When such a cell is supplying current 
the zinc goes into solution and forms zinc sulfate. The electrical energy pro¬ 
vided by the cell is that which is released by the formation of zinc sulfate. It 
must be obvious, then, that, if one would recover by any means whatever zinc 
from a ZnSO^ solution, there must be expended even more energy than was 
made available by the voltaic cell originally, through the formation of the 
ZnS 04 , in order to provide for energy losses that are inherently involved in 
l)oth the primary and the reverse processes. This expectation is realized in the 
practical operation of electrolytic cells, for no action whatever takes place in 
any cell unless the applied voltage is greater than a certain minimum value 
which depends upon the materials concerned. 
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Fig. 46-4. Simple silver 
voltameter 
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As an illustration consider the case of the electrolysis of water, since it is 
known that in the combustion of sufficient hydrogen and oxygen to form 1 gm 
molecular weight of water 68,400 calories or 68,400 x 4.187 joules of energy are 
released. To separate this quantity would require 2 x 96,500 coulombs, and to 
supply the equivalent energy this charge would have to be raised through E 
volts where E is given by the relation 2 x 96,500 £? = 68,400 x 4.187 joules. 
The solution of this equation give E a value of 1.48 volts. It is interesting to 
note that the minimum voltage that will carry on the process is 1.67. An even 
higher voltage would be needed to make it proceed at a satisfactory rate. This 
means that neither a simple voltaic cell nor a dry cell would be able to bring 
about the electrolysis of water. 

46.8. Storage Cells. Voltaic cells supply energy through the consumption 
of zinc—an expensive fuel. A worn-out dry cell is discarded even though the 
carbon is as good as new and much zinc 
remains unused. It would obviously be 
advantageous if a cheaper fuel or water 
power could be used to build up a store 
of energy through chemical separation 
from which electrical energy could be 
obtained at will. The storage cell fills 
this need. Two types are in wide use, the 
lead-sulfuric acid storage cell and the 
Edison nickel-iron potassium hydroxide 
cell. Only the former, which is the more 
widely used, will be described. It has been 
employed since 1860 at which time 
Plante discovered that when lead plates 
were used in place of i)latinum plates in a 
dilute solution of sulfuric acid, an oppos¬ 
ing potential of approximately 2.2 volts 
developed as the anode became coated with lead oxide (PbOo) (the cathode 
remained lead). Pie found also that tlie amount of energy that could be stored 
could be increased by giving the pair of lead plates a great many chargings 
and dischargings, frequently changing tlie direction of the charging, since this 
process resulted in giving the lead plates a spongy, hence a more effective, 
surface. The present practice is to construct the positive pole with a PbO^ paste 
and the negative pole with spong>" lead. The operation of the cell may be readily 
demonstrated by the arrangement shown in Fig. 46-5. The simple storage cell, 
C, contains only the two lead plates and a dilute solution of sulfuric acid. It is 
connected in series with a two-way ammeter and a switch K by which it may 
be connected to either a door bell or to a direct current power circuit. The un¬ 
charged cell may be shown to have no effect on the bell simply by connecting the 
two by the switch, K. To charge C one has merely to throw K down and allow 
the current to pass through. During this process hydrogen will appear in bubbles 



Fig. 46-5. Circuit designed for demon¬ 
strating the charging and the discharg¬ 
ing of a simple lead-sulphuric-acid 

storage cell 
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at the cathode and a brown coating will be observed to form on the anode. After 
a few minutes the bell may be made to ring by reversing K, and it will continue 
to ring until the oxide is reduced and the cell is discharged. This may be repeated 
indefinitely and it will be found that the length of time the bell will ring varies 
directly as the charge passed through while charging. The ammeter shows that 
the direction of the current when charging is the reverse of that when discharg¬ 
ing, as might be expected from energy considerations. (One cannot repeatedly 
coast down a hill without climbing up between the down-trips.) During charg¬ 
ing the current is forced by a superior charging potential to enter the cell at its 
“positive” plate; that is, this plate must serve as an anode. The following equa¬ 
tions represent the action during the discharging of the plates. Whether charg¬ 
ing or discharging the ions are the and the S 04 == ions. Only their direction 
of migration changes. During discharge: 

Positive plate: PbOo + 2H+ + H 0 SO 4 + 2e" PbS 04 + 2 H 2 O 
Negative plate: Pb + 804 = PbS 04 + 2e“ 

Thus it is seen that PbS 04 is formed at each plate, H 2 SO 4 is used up, and that 
HgO is released during a discharge. Both the latter processes weaken the solu¬ 
tion, lower its EMF and make it more likely to freeze in cold weather. If the 
cell is not promptly recharged the lead sulfate will harden in the pores of the 
plates and permanently lower the efficiency of the cell. The next equations show 
that these processes are reversed during the charging: 

Positive plate (now acting as an anode): 

PbS 04 + 2 H 2 O + 804 = ^ PbO. + 2 H 2 SO 4 + 2 e- 
Negative plate (now acting as a cathode): 

PbS 04 4- 2H+ -h 2e- Pb + H 2 SO 4 

Thus it is seen that H 2 SO 4 replaces the PbS 04 and H 2 O is used up. This means 
an increase in the specific gravity of the electrolyte and also explains the gen¬ 
eral use of the hydrometer to test the state of charge of a battery. Since the 
acid of the cell is not used up nothing but pure water need ever be added to a 
lead storage cell, and even this would not be needed except for evaporation and 
for any loss through the escape of gases during charging, particularly when 
overcharging. Adding impure water might introduce elements which would 
cause local action and bring about the deterioration of the cell 
It is important to note that in discharging electrons are taken in at the posi¬ 
tive plate and given out at the negative, while the reverse holds true during the 
charging, which is as it should be from the above theory. 

46.9. Single-Electrode Potentials. If a metal is suspended in a solution of 
one of its salts there will be a tendency either for its atoms to go into the solu¬ 
tion or for its ions in the solution to acquire electrons from the plate and be 
deposited on it. AVhich happens depends on the metal, on the concentration, as 
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well as on the electrolyte, but in any case the process will come to a halt as 
soon as the metal has established a sufficiently large potential difference be¬ 
tween itself and the electrolyte to stop the action. The potential difference tlius 
established between a metal and a solution containing ions of the same metal 
is known as its single-electrode potential. In the case of zinc this potential is 
negative; in other cases, as in copper, positive. That is, the zinc becomes nega¬ 
tive with respect to the electrolyte, and the copper positive. In case the electro¬ 
lyte is “normal” (in other words, if the solution contains 1 chemical equivalent 
of the metallic ion in 1 liter at a temperature of 25°C), the single-electrode 
potential is called the normal electrode potential. It can be measured by 
means of the hydrogen-electrode shown in Fig, 46-6. The hydrogen-electrode is 
generally used as the standard of reference 
as its potential with respect to its own solu¬ 
tion is fairly small and constant and may 
be taken as zero arbitrarily. The arrange¬ 
ment shown in the diagram provides a 
stream of pure hydrogen over a platinum 
foil coated with platinum black and im¬ 
mersed in a solution having a normal hydro¬ 
gen ion content. The arrangement provides 
continuously an adsorbed and conductive 
layer of hydrogen on the electrode. The 

solution of such a half-cell may be brought Fiq. 4G_6. Hydrogen electrode for 
to the same potential as the solution in the use with a potentiometer 

half-cell of a metal whose normal electrode 

potential is to be determined, by means of a capillary tube as indicated. The 
electrode potential of the metal may then be measured directly by means of a 
potentiometer as outlined in the previous chapter. Since in the final adjustment 
this requires no current, the low conductance of the capillary tube docs not 
affect the result. Such an arrangement can be used to measure not only the 
electrode potentials of metals, but also the hydrogen ion concentrations in body 
fluids and in solutions generally, to which reference has been made in a previous 
section, since potential differences are set up between solutions of different con¬ 
centrations. 

46.10. The Electromotive Force Series of Metals. On the basis of the re¬ 
sults obtained in the measurement of the normal electrode potentials with re¬ 
spect to the hydrogen electrode, it is possible to arrange the metals in a series 
of increasing potentials which is very useful in predicting the behavior of metals 
in contact with electrolytes. Such a series is given in Table 46-2. 

Any metal in the series will replace from solution any metal below it in the 
series. Suppose a bright strip of iron were dipped into a solution containing cop¬ 
per ions. In a short time a copper coating w'ould be found on the iron strip (a 
test for copper in foods) but no coating would be obtained if a silver strip were 
used instead. A zinc plate may be amalgamated by rubbing its surface with di- 
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Table 46-2. Electromotive Force Series of 

Certain Elements 


1 

Element 

Ion 

Electrode 

Potential 

(Volts) 

Potassium. 


-2.92 

Calcium. 

Ca++ 

-2.87 

Sodium. 

Na^- 

-2.72 

Magnesium. 

Mg+-*- 

-2.34 

Aluminum. 

A1+++ 

-1.67 

Zinc. 


-0.76 

Chromium. 

Cr-^-*- 

-0.56 

Iron. 

Fe-*"^ 

-0.44 

Nickel. 


-0.24 

Lead. 

Pb++ 

-0.126 

Hydrogen. 

H+ 

00.000 

Copper. 

Cu+^ 

0.340 

Oxygen. 

OH- 

0.40 

1 

Mercury. 

Hg--^ 

0.80 

Silver. 

Ag-^ 

0.80 

Platinum. 

Pt 

0.86 

Gold. 

Au ■*"*■■*■ 

1.30 


lute acid and mercury, as is regularly done in the use of voltaic cells having a 
zinc electrode. 

It is difficult to reduce the oxides of the metals in the upper part of the list, 
but those of mercury and the metals below it may be reduced by heat alone— 
metals down to copper rust with ease; platinum and gold do not rust. Only 
those low in the list are found in nature in the free state. The selection and 
general use of silver, platinum, and gold in the manufacture of jewelry are made 
obvious by this table. The use of these metals in dentistry is fundamentally 
sound since any metal above hydrogen would leave to replace the hydrogen ions 
in any food containing them, to the detriment of fillings, bridgework, etc. 

In the previous discussion of voltaic cells, only qualitative and descriptive 
terms could be used. With the table at hand it is easy to understand the be¬ 
havior of such cells. For example, the Daniell cell is essentially a combination of 
a copper half-cell with a zinc half-cell, the two meeting within the porous cup, 
as shown in Fig. 42-3(b). From this table one can predict the EMF of such a 

cell as 0.34 -0.76 = 1.10 volts, which is in agreement with observed values. 

Similarly one may use the table to estimate the potential required to bring 
about the electrolytic separation of certain elements. 

46.11. Some Applications of Electrolysis. The practical uses of the meth¬ 
ods of electrolysis are so varied and well known that only a few illustrations 
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are needed. Electroplating was perhaps the first and is now the most important 
application of electrolysis. Innumerable articles in common use are electrolyti- 
cally plated. The plated trim on the car has both utilitarian and sales value. 
Surgical instruments, other than those of stainless steel, are practically all 
plated with metals which do not corrode and distribute contamination. The 
thickness of the plating can be controlled and can be made greater on the parts 
of objects which are subject to greater wear. 

Almost equally important is the use of the techniques in the production of 
such metals as sodium, aluminum, and many others. Indeed aluminum, though 
known for many years, did not come into general use until Hall (a student at 
Oberlin College) developed the electrolytic method of its production. This in¬ 
volves passing a direct current through a body of molten cryolite in which the 
aluminum ore, bauxite (AljOg), is soluble. The heat produced by the currents 
is sufficient to keep the mix in the molten condition. The molten aluminum 
may be drawn off from the region of the carbon cathode, where it collects by 
electrolytic action. Even copper, which is readily obtained from its ores, is 
purified by the electrolytic process. Slabs of the crude metal received from the 
smelter are used as anodes in a solution of copper sulfate of proper concentra¬ 
tion. If the potentials are properly regulated only pure copper is deposited on 
the cathode, the impurities falling from the anode as “mud,” from wliicli traces 
of gold, silver, and other metals may be extracted profitably in many cases. 

Most books are printed from electrotypes. These arc made in the follow¬ 
ing manner. The page may be made up from ordinary type with any cuts to 
be included, and then pressed into a suitable wax. The wax plate is then re¬ 
moved, lightly coated with graphite to make it conducting, and suspended as 
the cathode in an electrolytic copper bath. After a copper layer of sufficient 
thickness has been formed it is removed from the wax and given a suitable 
backing to make it usable in the printing press. For large editions the surface 
may be hardened by nickel plating. Such electrotypes not only wear better 
than ordinary type but may be stored conveniently and used in a subsequent 
printing. Obviously the process is not limited to the employment of copper. 
Metals other than copper may be employed, and the process may be used for 
many purposes other than that of making electrotypes. Many metallic and in¬ 
tricate works of art may be copied inexpensively. 

The electrolytic preparation of oxygen, of hydrogen, and of chlorine is a 
major industry. The preparation of heavy water offers a most important and 
recent application of the electrolysis of water. As is generally known at the 
present time there are three isotopes of hydrogen, H*, H-, H-\ now called hydro¬ 
gen, deuterium, and tritium (see Chapter 54). The last is present in water only 
as a bare trace, but 0.02 per cent of the hydrogen in ordinary water is deute¬ 
rium. The lighter H+ ions have a higher mobility, and are more readily released 
at the cathode than are the deuterium, or D+ ions. Consequently the residue of 
the electrolytic cell employed in the continuous production of oxygen and hy¬ 
drogen grows constantly richer in the heavier isotope, a fact first noticed in 
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1932 by Washburn and Urey. This important discovery formed the basis of the 
separation of deuterium from the hydrogen through repeated stages of concen¬ 
tration by electrolysis, analogous to the preparation of alcohol by repeated dis¬ 
tillations. Through this tedious process it is possible to obtain a purity of 99 
per cent by a reduction of the volume of ordinary water to approximately 
1/100,000th of its initial value. The discovery of deuterium not only greatly 
stimulated research in many fields but came to be of major importance in de¬ 
velopments relating to atomic energy. The importance of the discovery is 
indicated by the award of the Nobel prize to Dr. Urey in recognition of his 
work. 

That aspect of electrotherapy which has to do with the applications of 
“galvanic” currents (direct currents) is based principally on the effects of the 
movements of ions within the body tissues. While a discussion of this must be 
reserved for a later section, it will be understood readily that an electric cur¬ 
rent in a fluid is carried only by means of ions except in the case of liquid 
metals. The interaction of these with the electrodes will be entirely analogous 
to those outlined in the preceding sections. For example, the use of a zinc anode 
makes it possible to introduce zinc into an ulcer—a beneficial step therapeuti¬ 
cally. Coagulation of tissues at the anode and their liquefaction at the cathode 
may be brought about readily. The latter effect is the basis of the use of the 
electric needle as a cathode in the destruction of a hair follicle. As might be 
anticipated any movement of ions within the tissues must affect not only the 
contents of the body cells, but the molecules adsorbed on their surface as well. 
Major movements of the ions through the body may easily produce a lethal 
effect, whether they result from an accident or whether they are produced in 
the body of the occupant of an electric chair by court order. Due to tlie actual 
migration of ions the effects of a direct current are many times greater than 
would be produced by a current of like magnitude but oscillating in direction, 
as will be explained later. 

46.12. Harmful Effects of Electrolytic Action. Mention should he made 
of some of the less desirable effects of electrolytic action. Many electric circuits 
are made to include the earth as one section of the circuit. For example, the 
current utilized by a streetcar reaches it by a trolley wire, but returns through 
the rails and the earth, jointly. Wherever such currents strike and follow along 
or leave a buried conductor, electrolytic action, generally harmful, must result. 
Corrosion at a weld may occur if the weld metal is different from the metals 
joined. Such action is responsible for many breaks and other damages to pipes, 
etc. Much of the corrosion, so economically wasteful, can be explained on the 
basis of the table of electromotive forces given above, since the displacement 
of a metal in solution by one in a metal pipe, for example, cannot but weaken 
the latter. The essentials of an electrolytic cell are found inadvertently arranged 
in many industrial as well as domestic constructions and in pieces of equip¬ 
ment. An interesting example is shown in Fig. 58-5 (a and b). The piece of 
broken drill and the other metal have brought about the destruction of the 
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bone near the drill through corrosion. Any wires, pins, screws, braces, or plates 
used in the surgical repair of any bone should be of the same metal. 


Problems 

1. An article to be silverplated is left suspended as a cathode for a period of 20 min 
in a silver nitrate solution while a direct current of 5 amp passes through it. Find the 
increase in its weight. (Ahs. 6.71 gm) 

2. How many hours will it take to deposit a nickel plating 0.02 cm thick if the 
current density is kept at 1 amp per 100 cm", assuming the specific gravity of nickel 
is 8.90 and its electrochemical is 0.000304? 

3. A commercial firm producing hydrogen and oxygen electrolytically keeps a current 
of 150 amp flowing through a series of cells 24 hr a day. How much water must be 
added to each cell daily? (Ahs. 1.206 1) 

4. How much j)ower is used in each of the cells in Problem 3 if the potential drop 
per cell is 1.83 volts, and approximately how many cells could be used in series on the 
110-volt power lines without increasing the cost of the electric power required? 

5. How many coulombs must pass through an electrolytic cell to release 1 liter of 
oxygen? Assume the mass of 1 liter of oxygen is 1.429 gm. (A«s. 17,250 coul) 

6. Assuming each storage cell has an EMF of 2 volts, and that it is to be allowed to 
carry only 10 amp, show an arrangement of cells which would give a nickel-plating shop 
a power plant capable of delivering 30 amp at 60 volts. What is the maximum power 
available? 

7. If each cell in a 16-cell farm battery has a resistance of 0.01 ohm, what is the 
minimum permissible value of the external resistance in series with the battery if the 
current is not to exceed 8 amp, assuming an EMF of 2.1 volt per cell? {Aris. 4.04 ohms) 

8. The platinum dish of a silver voltameter weighed 26.43 gm before, and 29.73 gm 
after, a current which read 5 amp on the ammeter being checked had been flowing 
through for 10 min. Find the error in the ammeter reading. 

9. Explain on the basis of the table of electromotive forces the common practice of 
cleaning silverware by placing it in an aluminum vessel containing a hot solution of 
salt and soda. 

10. A metal name plate 6 X 10 cm, waxed on one side, was left in a copper-plating 
bath for 20 min and then transferred to a gold plating bath where it was left until a 
layer of gold 0.005 cm thick was deposited on the copper. How long did it take for the 
gold plating if a current of 6 amp was used in each case? By how much was the weight 
of the original plate increased? (Density of gold = 19.3 gm/cm-'^) 

11. Using the data given in Table 46-2, find the EMF obtainable from a cell having 
terminals of (a) gold and aluminum, (b) gold and zinc, (c) gold and silver. If a silver 
filling in a tooth were touched with a steel needle, what EMF would be established? 
In case of fillings without the usual insulation, an electric current might flow and pro¬ 
duce an unpleasant sensation. (/Ins. 2.07 volts, 2.06 volts, 0.50 volt) 

12. If during a single evening a bicycle rider used his lamp a total of 40 min with the 
lamp taking a mean current of 0.5 amp what weight of zinc was consumed in each cell 
of the battery? Also, find the weight of water formed in each cell through the com¬ 
bination of the hydrogen released with the oxygen provided by the manganese dioxide 
of the cell. 

13. Streetcars in general use d-c power, with the current in large part returning 
through the ground. Briefly describe the effect any ground-current would have on the 
corrosion of !)uried pipes. The water-works system of any city, or even of any house, 
is likely to include iron, l)rass, zinc, and lead. Ordinary city water is virtually an elec¬ 
trolyte. What bearing has all this on the corrosion of the system? 
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14. A garage attendant left a storage battery on charge at an average charging rate 
of 6 amp from 6 p.m. until 8 a.m. the next morning. How many grams of water were 
"used up” during this charging period? What effect would this have on the specific 
gravity of the electrolyte? How many “ampere-hours” of charge were given to the 
battery? 
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Induced Currents 



Attention has been called to the magnetic field about any conductor which 
is carrying an electric current. It cannot be due to the mere presence of electrons 
since all substances, including both insulators and conductors, contain elec¬ 
trons. It is observed only while the electrons are in motion. Indeed it is unlikely 
that any magnetic field exists except when produced by electronic motion, if 
we assume the magnetic field of a permanent magnet arises from the continued 
orbital motion of electrons about atomic nuclei. If relative motion is the thing 
that matters, as must certainly be the case, then it should make no difference 
whether electrons move with respect to a magnetic field or a magnetic field 
moves with respect to electrons. There is always certain to be some interaction. 
The electromagnetic nature of light and of similar radiations has already been 
pointed out. In such radiations the magnetic and the electric vectors are known 
to be at right angles to each other and to the direction of propagation. 

47.1. The Discovery of Electromagnetic Induction. It was in 1830 that 
Joseph Henry, a collegiate teacher in Albany, N. Y., observed that when a 
magnetic field is built up, or even when it is destroyed within a coil in the 
manner suggested by Fig. 47—1, an electromotive force is produced in the coil 
and the directions in the two cases are opposite. He observed also that the field 
alone had no effect as long as tliere was no change in the field with respect to 
the coil. In 1831, Faraday, in England, made the equivalent discovery and re¬ 
ported his observations to the Royal Institution. Since he was the first to pub¬ 
lish his findings, he has been given the major credit in spite of the priority of 
Henry. Certainly each is worthy of the honor, as ncitlier knew of the work 
of the other. It was one of tlie major scientific discoveries of history. To under¬ 
stand the generality and fundamental nature of the phenomenon, consider the 
demonstrations made possible with the very simple equipment shown in Fig. 
47-1. If the magnet is thrust toward or into the coil in the manner shown, the 
galvanometer in the circuit shows a deflection, and the direction of the induced 
current thereby produced can be deduced from the direction of the deflection 
(shown as to the right). The deflection returns to zero as soon as the magnet 
is at rest, even though the field is still within the coil. But if either the magnet 
is withdrawn or the coil removed from the magnet—it makes no difference 
which—there is again an induced current, but it is in the reverse direction (see 
dotted line). Had the S pole been used each of the directions would have been 
the opposite. This simple experiment demonstrates two important points: there 
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is no effect without relative motion, and there is a definite dependence of the 
direction of the induced current on the direction of motion. The equivalent 
experiments performed with the coils of Fig. 47-2 lead to similar results. As¬ 
sume that the connections of coil A to the reversing key, K, are such that when 
K is in the up position the side of the coil A next to B is the N side. When K 
is thus closed the galvanometer shows a deflection to the right but returns im¬ 
mediately to zero. When K is opened there is an equivalent deflection to the 
left. The effect is exactly the same if the current is left on and the coil brought 
up and then removed as though it were a magnet. If K is closed in the down 



Fig. 47-1. The direction 
of the current induced in 
the coil as the magnet is 
inserted in the manner 
shown is indicated by the 
continuous arrow. The 
dotted arrows correspond 
for the removal of the 
magnet. No current flows 
except when there is rela¬ 
tive motion 



Fig. 47-2. The magnetic 
fields of the two coils op¬ 
pose each other whatever 
the nature of the change. 
A current flows in B when 
there is a change in mag¬ 
netic field taking place in 
the coil, A 


position the effects are similar except for the reversals in the directions of de¬ 
flections. It is as though magnetic lines spring out from the coil when the 
current starts, and collapse to it when it stops flowing. This behavior can be 
deduced from the motor rule in the following way. Referring to Fig. 47-3 (a) 
let the attention be fixed on an electron in the small circle representing the 
cross-section of the conductor. As this conductor moves downward in the direc¬ 
tion of the arrow the electron moves with it and the moving charge in itself 
constitutes a current. (The conventional current would be upward, or in the 
direction of the dotted arrow.) According to the motor rule the magnetic field 
would exert a force on tliis current, that is on the moving electron, the direction 
of which would be into the page. This would be the same as a conventional 
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EMF directed out. The student should check this direction by the rule. Thus it 
is seen that induced EMF’s are a necessary result of Laplace’s law and the 
Ampere rule. All other electrons in the conductor would be subject to like forces 
and those free to move would give rise to an induced positive current along the 
conductor outward from and normal to the page, assuming the conductor is a 
part of a closed circuit. By applying the motor rule to this induced current it 
is seen that the conductor would be 
urged upward in the direction of the 
dotted arrow, that is, the force would 
oppose the motion which produced the 
current. If the circuit were not closed 
the force on the electrons would give 
rise to the same EMF but no current 
could flow. This means that there 
would be no reacting field about the 
conductor, hence no reacting force 
exerted on the conductor. Stated other¬ 
wise it is seen that the direction of 
any induced current is such as to 
strengthen the magnetic field on the 
side towards which it moves and hence 
to offer resistance to its motion. It 
may be helpful to visualize the origi¬ 
nal magnetic field as being mechan¬ 
ically distorted in the manner indi- 



Fio. 47-3. The direction of the EMF in- 
cUiced when a conductor cuts across a 
magnetic field as shown is such as to set 
up a magnetic field which ojiposcs the mo¬ 
tion (in the arrangement shown, out from 
the plane of the figure) 


cated in Fig. 47-3(b). If the fingers of the right hand were made to follow 
these lines the conductor would be urged upward in the direction the palm 
would push it, in line with the motor rule. 

The experiments of the first group may now be re-examined with respect 
to energy considerations. By checking the direction of the current through the 
coil and using the right-hand rule it is found that the face of the coil approached 
by the N pole was made the equivalent of an N pole. Such a polarity would 
resist the motion. When the magnet was withdrawn this face became an S pole. 
In each case the induced current set up a magnetic field which opposed the mo¬ 
tion which produced it. Likewise in the second group; the current induced in 
the secondary coil was in the direction opposite to that of the current flowing 
in the primary coil, and thereby opposed the latter. But the induced current 
was in the reverse direction when the primary current was stopped, and there¬ 
fore opposed that change as well. 

47.2. Lenz’s Law, and Related Generalities. In all the above cases the 
following general principle, discovered by a Russian physicist H. E. F. Lenz 
(1804^65), and known as Lenz’s law, was found to hold. Whenever an electro¬ 
motive jorce is induced in a closed circuit by the relative motion of a conductor 
and of a magnetic field its direction is such that the current which flows sets 
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up a magnetic field which opposes the motion or the change in magnetic field 
which produced it. 

However produced, the magnitude of the induced EMF is proportional to 
the rate of change in the magnetic field with respect to the conductor. For ex¬ 
amples, the rate of change in the number of lines of force through the coils of 
Fig. 47-1 multiplied by the number of turns in the coil determines the magni¬ 
tude of the induced EMF. In the case of a single conductor being swept across 
a field as in Fig. 47-3 the EMF is proportional to the rate at which the lines 
are cut, not necessarily to the number present since no EMF is induced when 
the conductor moves parallel to the lines and, therefore, does not distort them. 

The concept suggested in Fig. 47-3 explains the basis of the following simple 
hand rule, called the generator rule, for determining the direction of the cur¬ 
rent induced by the relative motion of a conductor and a magnetic field. Extend 
the fingers of the right hand in the direction of the magnetic lines of force, 
turning the palm to receive the conductor. The induced EMF is in the direction 
of the thumb. 

This simple rule grows directly out of the general right-hand rule given in 
Chapter 44. It may be applied in all cases of electromagnetic induction through 
simple adaptations. Thus in the first demonstration suggested in Fig. 47-1, if 
the fingers of the right hand are made to extend outward from the N pole of 
the magnet, with the palm turned to grasp the coil as it is approached, the in¬ 
duced EMF is in the direction of the thumb. When the magnet is removed the 
palm must be turned to the reverse direction in order to be able to grasp the 
coil on the removal of the magnet. This reverses the direction of the thumb 
which checks with the observed reversed direction of the induced EMF. 

47.3. The Magnitude of the Induced EMF. Since work must be done in 
moving a conductor across a magnetic field assuming it is a part of a closed 

circuit there must be a relation between 
the work done and the EMF which results. 
Suppose a conductor of length L carries a 
current of i abamperes in a magnetic field in 
which the flux is B lines per square centi¬ 
meter and in a direction normal to the con¬ 
ductor. As explained in Chapter 44 the force 
on this conductor is BiL and normal to both 
B and L. The work done in moving this con¬ 
ductor a distance of x centimeters in the 
manner suggested by Fig. 47-4 is BiLx, 
assuming the field is normal to the plane of the paper. When the circuit is open 
i = 0 and, therefore, no w-ork is done. If this work is done in t seconds the power 
employed is BiLx/t. But the power of tlie induced current is also ei, where e is 
the induced EMF. Hence e\ = BiLx/t. It follows, if the total number of lines of 
force cut, BLx, be represented by <i> (Greek letter Phi), that e = 4>/t in abvolts 
or 0/10®^ volts, since 1 volt = 10® abvolts. Ordinarily the field is cut not by a 



Fig. 47—4. The EMF induced is 
proportional to the rate at which 
the magnetic line.s of force are cut 
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single conductor but by N conductors in series. When tliis is the case the voltage 
is given by the relation e = From this relation and from Ohm’s law 

it follows that: I = E/R = N4>/RtW. Therefore Q = It = N<t>/RW coulombs, 
where R is the resistance of tlie secondary circuit and Q is the total charge that 
flows due to the inducing action. From the last relation it is seen that the total 
charge flowing depends only on the number of lines cut and on the resistance of 
the circuit. It would appear that the aim both of Henry and of Faraday, “to 
convert magnetism into electricity,” in a certain sense is realized in the field of 
electromagnetic induction. The importance of this development is seen at once 
in the fact that we are no longer limited to the use of zinc as a fuel in the pro¬ 
duction of electrical currents, but are able to convert air, water, or steam power 
into electric power by the simple expedient of moving magnetic fields across 
conductors, or vice versa. Efficiency in the production of electric power has 
reached high levels. 

A few examples should make clear the numerical aspects of the matter; 

(1) Find the EMF induced by increasing the magnetic induction from 1000 
to 5000 gauss over the area of 15 cm^ enclosed by a 200 turn coil, in 0.02 sec. 



15 X (5000 - 1000) X 200 
0.02 X 10« 


G volts 


(2) Find the total charge which flows if the coil in example (1) has a re¬ 
sistance of 30 ohms. 


Q = It = ~t = = 0.004 coulomb 

Or, the charge may be calculated directly from the data of example (1) by using 

the relation Q =—^—. Trv it. 

^ RX W 

(3) If the wire of a generator armature is 40 cm long and cuts across a field 
of 4000 gauss with a velocity of 50 cm/sec, what will be the EMF produced by 
the one wire? 



4000 X 40 X 50 
10* X 1 


= 0.08 volt 


47.4. Mutual Induction and Self Induction. The EMF developed in a sec¬ 
ondary coil must depend on such factors as the magnetic flux from the primary, 
the portion of it passing through the secondary, and the number of turns in the 
secondary. If the secondary encloses the primary, as is often the case, then the 
entire flux of the latter passes through the former, the most efficient arrange¬ 
ment. Assuming there is no iron in the core to complicate matters through varia¬ 
tions in permeability one may arbitrarily write the relation (f> = where 

<i> is the magnetic flux threading the secondary when a current of flows 
through the primary coil and M is a constant. If this current were built up in t 
seconds the EMF in the secondary would he E = — lO'^.V/^/IO^i = —Ml/t 
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volts. The negative sign is used to indicate that the direction of the induced 
EMF is counter to that in the primary. If, instead of starting from zero the cur¬ 
rent should change from 7^ to /p.„ in the time t, the voltage induced in the sec¬ 
ondary would be given by the relation 

_ -10W(7p» - _ ~M{h" - h) 

lOH t 

Suppose that the nature and the arrangements of the coils are such that a 
change of 1 amp in the primary in 1 sec induces a counter EMF of 1 volt. The 
equation would then read simply il7 = 1, and suggests the following definition 
of M, as well as a suitable name for the constant. M is known as the coeffi¬ 
cient of mutual inductance and is measured in henries, the universally ac¬ 
cepted unit of inductance named in honor of the discoverer of the effect, Joseph 
Henry. In view of the convention adopted above the henry of mutual inductance 
may be defined as that mutual inductance which produces a counter EMF of 
1 volt in the secondary when the current in the prvnary is changing at the rate 
of 1 ampere per second. 

From direct reasoning as well as from the discussions of solenoids and of 
Laplace’s relation it follows that the flux from the primary will be proportional 

to the number of turns in the primary, iVp, 
and the EMF induced in the secondary coil 
proportional to its number of turns, N^, 
as well as to the flux it receives. This means 
that the effect will be in proportion to 
Thus it is seen that mathematically 

I* 9 

it makes no difference which coil is con¬ 
sidered the primary and which the sec¬ 
ondary, the coefficient of mutual inductance 
has exactly the same value. Experimental 
tests support this obvious conclusion; hence 
the expression mutual induction is most ap¬ 
propriate. 

Obviously the expanding magnetic field 
from a particular turn in a coil will 
affect any other turn of a conductor en¬ 
countered whether it belongs to the sec- 
build up in it the same counter EMF. This 
may be the more easily understood by a study of Fig. 47-5 which depicts the 
effect of the magnetic lines springing out from a current in the central wire, b, 
assumed to flow normally into the paper, on the two adjacent turns, a and c. As 
mentioned in a previous section one can imagine that the electrons in a con¬ 
ductor distort lines of magnetic force having a relative velocity with respect 
to the conductor. If one applies the right-hand rule to either of the adjacent 
turns it is seen that the direction of the current induced would be out of the 
paper; in other words, in a direction contrary to the direction of the inducing 



Fin. 47-5. A srhomatic diagram for 
accounting for the back EMF in¬ 
duced in a coil as the current is be¬ 
ing increased. A clockwise field 
about conductor, fb), produces a 
counterclockwise field about adja¬ 
cent turns of the coils, (a) and (c) 

ondarv or to the primary, and will 
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current in b. If instead of b one were to consider the primary current in the a 
turn then the induced EMF in both b and c would be in a direction which is the 
reverse of the direction of the current in a. The same is true in all the other turns 
of the coil as well. Thus it is seen that a contrary EMF is built up in any coil 
or solenoid whether or not it is surrounded by or is even near to a secondary 
coil. This effect is known as self induction and is, as in the case of mutual in¬ 
duction, measured in terms of henries. The mathematical approach employed 
in the previous section for mutual inductance may be used also with regard to 
self induction by assuming that of the coil’s own flux that which is effective 
in building up a counter EMF is equal to <^ = 10®L/. Therefore the counter 
EMF is —WLI/lOH = —Ll/t volts. In case there is merely a change in the 
current the opposing EMF is —Lf/g —Whenever a rate of change of 
1 amp/sec produces a counter EMF of 1 volt in a circuit it is seen that L = 1, 
Thus the following definition holds: The henry as the unit of self inductance is 
defined as the self inductance of a circuit in which a current increasing at the 
rate of J amp/sec induces an opposing EMF of 1 volt. For many circuits the 
millihenry (10“^ henry) or the microhenry (10"® henry) may be more suitable 
than the henry as a unit. 

The effect of the self inductance in any circuit, and there is generally some 
present, is to resist the quick rise of the current to its full value. This is ap¬ 
parent in the curve of Fig. 47-8(a) representing the pulses of the primary cur¬ 
rent of the induction coil. Notice how slowly the current rises to its final value. 
The larger the L-value of a circuit the more gradual the growth and also the 
decay of the current in the circuit. In a circuit of high self inductance (or 
effective mutual inductance) it may require even seconds for a direct current to 
rise to the value given by Ohm’s law. Resistance coils must be wound non- 
inductively for use in many radio circuits, in resistance boxes, and in such 
bridge circuits as that of the Wheatstone bridge; otherwise the neutral point 
would be difficult to locate, since any lag due to self inductance would affect 
apparent potentials when the key is closed. To wind non-inductively one 
doubles back the wire before winding it on so that half the turns are clockwise 
and half counterclockwise. The inductance of either half is made thereby to 
neutralize that of the other half. Mutual inductance may be made variable, a 
great advantage in some circuits, by making one coil or part of a coil rotate 
with respect to another. When their axes coincide their inductance is at a 
maximum, when they are normal the effect is at a minimum. 

A few typical examples should aid in understanding of the applications of the 
principles discussed above to the solutions of problems. 

(1) It is found that a counter EMF of 5 volts is produced in a secondary 
when the primary current is decreased from 10 to 2 amp in 0.1 sec. Find the 
mutual inductance. 



-M(2-10) . , 

--= 5 volts 


Hence M = 0.0625 henry or 62.5 millihenries 
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(2) In a circuit in which the self inductance, L, is 25 mh the current is being 
increased at the rate of 40 amp in 0.2 sec. Find the magnitude of the counter 
EMF set up due to its self induction. 

Rate of change in current = 40/0.2 = 200 amp/sec. 

Hence counter EMF = 200 x 0.025 = 5 volts. 

47.5. Eddy Currents. Arago (1786-1853) discovered that a magnet rotating 
under a copper disk suspended and free to rotate about the same axis, tended to 
make the disk rotate in the same direction or, conversely, if the disk were 
rotated the magnet would tend to follow. The simple arrangement shown in 
Fig. 47-6 will serve to demonstrate the principle. If the suspended magnet be 
given a spin in one direction the disk, even though separated from the magnet 
by a sheet of glass to eliminate any effect of air currents, is brought into rotation 

in the same direction. When the magnet is 
brought to a halt by the torque developed 
in the steel suspension wire and starts 
rotating in the reverse direction the disk, 
too, rotates the other way and thus con¬ 
tinues to follow the behavior of the magnet 
until both together have dissipated the 
energy originally given to the magnet. It is 
important that the bearings of the disk be 
made as free from friction as possible. If 
the disk be given the initial spin the effect 
is entirely similar, for the magnet then 
follows the disk. Either is moved through 
its opposition to the motion of the other. 
The behavior of the Arago disk remained 
unexplained until the findings of Henry, 
of Faraday, and of Lenz became avail¬ 
able. When the magnet is given a rotation with respect to the disk the electrons 
in the disk react to the moving lines of magnetic force passing through the 
disk and are forced in a radial direction, thereby setting up a current which 
flows within the disk in an eddy-like fashion. The direction of this current, 
which the student should check by the dynamo rule, directly under the poles 
is such that it sets up a magnetic field which opposes the relative motion. 
Therefore the disk is pushed around in the direction in which the magnetic field 
moves, on the motor principle. If a disk with radial slits were substituted for 
the plate shown these eddy currents would be minimized and the drag effect 
would be greatly reduced, an important advantage in many cases. 

Since any eddy currents that flow must, according to the Lenz law, set up op¬ 
position fields, then energy must be expended in overcoming their effects. This 
loss of energy not only greatly lowers the efficiency of any electrical equipment 
in which eddy currents are involved, but the lost energy reappears in the form 
of heat in any pole piece, armature of a motor or a generator, core of a trans- 



Steel 



Fig. 47-6. The rotation of the sus¬ 
pended magnet generates eddy cur¬ 
rents within the disk. These set up 
magnetic fields which oppose the 
rotation and cause the disk to be 
rotated in the same direction 
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former, or in general any conducting body of material which moves through a 
magnetic field or in which a magnetic field is fluctuating. This energy loss can 
be largely eliminated by the use of laminated parts, the laminae being given a 
direction normal to the direction in which eddy currents would flow, and in¬ 
sulated from each other. The cores of many electromagnets are made of bundles 
of iron wire for the same reason. 

In a number of cases the eddy-current effect may be put to practical use. The 
speed of the familiar rotating disk of the electric light meter follows closely the 
consumption of power since the eddy currents in it furnish a brake. Its use in¬ 
volves no mechanical wear or abrasion. The speed is brought to the proper value 
by the adjustment of the positions of the permanent magnets which straddle the 
disk. The beam of a chemical balance may carry a copper plate suspended from 
the beam between the poles of a strong permanent magnet. The resulting eddy 
currents, produced in the plate when swinging, bring the beam quickly to rest 
and greatly expedite the process of weighing. Galvanometer coils may be pro¬ 
vided with plates or links or with short-circuiting keys in order to damp the 
oscillations of the coil, by using up energy in the production of counter-currents. 
Automobile speedometers may employ disks to supply a torque proportional to 
the speed of the car. 

47.6. The Induction Coil. Except for the electrostatic machines the induc¬ 
tion coil was the first device developed for the production of very high po¬ 
tentials. It is still widely used, although 
transformers and high potential genera¬ 
tors of other types are now available. 

The principle of the induction coil may 
be understood best by a study of the ar¬ 
rangement shown in Fig. 47-7. The induc¬ 
tion coil is provided with a secondary in 
which the high potential currents arc in¬ 
duced, a primary which operates on a 
relatively low battery voltage, an inter¬ 
rupter I which serves to break the cur¬ 
rent in much the same way as the 
vibrator on the door bell operates, and a capacitor C. When the key in the 
primary circuit is closed the current flows through the primary coil and mag¬ 
netizes the laminated iron core. The growth of the magnetic field induces an 
EMF in the secondary coil which may, or may not, be able to cause a spark to 
pass at the spark gap, S. The magnetized core draws to it the small “hammer,” 
H, which carries an iron button near its end, and also a contact plate at which 
the current is interrupted as the hammer is drawn away from the contact plate, 
7, on the screw. AVhen the current is interrupted the magnetic field of the core 
collapses and induces an EMF in the secondary of a magnitude depending on 
the number of turns in the secondary but likely to be several thousand volts 
and sufficient to cause sparks to pass at S. The capacitor, C, serves two or three 


S 

—O 0— 
Spark gap 



Fig. 47-7. Schematic circuit-diagram of 
an induction coil showing the auto¬ 
matic interrupter of the current 
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purposes: it takes the surge of current which would otherwise cause destructive 
arcing at the contact plates, as well as delay the complete demagnetization of 
the core. At the same time it supplies a momentary back-surge through the 
primary which helps to demagnetize the core and, finally, it may, if given the 
right value, support by resonance the high frequency discharge in the secondary 
circuit. Since the break in the current is brought about far more rapidly than 
the make, the voltage induced in the secondary at the break is far higher than 
that induced at the make, as well as in the reverse direction. In Fig. 47-8 (a) 
are shown typical variations (a) in the current in the primary circuit, as well 



Fio. 47-8. The upper curve, (a), shows the variation of the current through the 
primary, (b) similarly the magnitude of the current induced in the secondary, both 

with respect to time, (c) A wave form frequently employed in electrotherapeutics 

as those (b) in the secondary circuit. In some circuits each curve may show 
oscillations. 

The high potentials supplied in such a simple manner by the induction coil 
find many uses in the laboratory, in the automotive industry, and in medicine. 
When they are used to operate gaseous discharge tubes, typical anode and 
cathode phenomena are produced since the secondary current in such a circuit is 
practically unidirectional. Automobile engines and internal-combustion engines 
generally (except for Diesel engines), rely on induction coils to furnish the 
sparks required for ignition. For such uses the circuit breaker is mounted on a 
shaft geared to the crank shaft of the engine so that the action of the coil may 
be timed to produce the spark at the right points in the cycle. The same shaft 
carries a “distributor” which transmits the high tension surge to the cylinder 
ready for it, all in the proper sequence and mechanically controlled. The spark 
plug provides for the introduction of the surge of charge to its points where the 
spark is produced and the explosion initiated. The effectiveness of the spark 
depends critically on the spacing and cleanliness of the points. 

The induction coil has been employed in electrotherapy for perhaps a century 
or more, certainly longer than the effects of electric stimulation on the body 
have been understood. Much of the early work was on an empirical basis; some 



523 


TELEPHONE INDUCTION COILS, AND TRANSFORMERS 

was of value, some harmful, but much of it was useful in only a psychological 
sense. In the light of more recent physiological studies and in the hands of 
competent personnel there can be no question as to the therapeutic usefulness 
of the induction coils or their equivalents in the production of the “faradic” 
currents shown in Fig. 47-8(b). For the stimulation of the skeletal muscles it 
is recommended that the frequency of the interrupter be given a value within 
the range of from 40 to 120 vib/sec which corresponds to the frequency range 
of nerve impulses associated with volitional effort. Coils intended for thera¬ 
peutic use are provided with means of controlling both the frequency and the 
EMF induced in the secondary, as well as with many convenient accessories. It 
is found desirable to stimulate in surges of interrupted current which individu¬ 
ally have approximately the sine-wave form. They should be separated by 
periods of rest and should alternate in di¬ 
rections in order to neutralize any electro¬ 
lytic action. In Fig. 47-8(c) is shown a 
type of stimulation current which is con¬ 
sidered satisfactory by electroth?rapists. 

It may be added that such currents may 
be used in diagnosis as well as in remedial 
treatments, because a particular muscle 
will not contract if its nerve has been 
severed between the muscle and the point 
of stimulation, but will respond to stimu¬ 
lation if the nerve is simply quiescent due 
to pressure or to other causes such as 
spinal paralysis. Such stimuli may be use¬ 
ful also in keeping the muscle exercised during the period required for nerve 
regeneration or recovery from injury. However, it should be added that not all 
types of pathological, muscular, or nervous conditions can be remedied by 
electrical stimuli; in some cases they might even prove to be detrimental. 
47.7. Telephone Induction Coils, and Transformers. In the induction coil 
used in telephone circuits the variations in the primary currents take the place 
of the interrupters of the typical induction coil. In Fig. 47-9 is shown a simple 
diagram of a telephone circuit in which a local battery is used as in rural tele¬ 
phones to supply the current through the transmitter. When the receiver is re¬ 
moved from the hook, contact is made at H and a current, supplied by B, 
passes through the capsule of carbon granules within the transmitter, T, and 
through the primary of an induction coil, I.C. When speech or other sounds are 
directed into T the resulting variations in the pressure on the carbon granules 
cause variations in the battery current which correspond to the original sound 
vibrations in regard to intensity. Such a modulated current, if passed directly 
through the electromagnet of a telephone receiver rather than through an in¬ 
duction coil as shown, would produce corresponding vibrations in the thin iron 
diaphragm mounted very near to but not touching the poles of the magnet. The 


To other 




telephone 
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Fig. 47-9. A simple telephone circuit. 
Note the induction coil by which 
high-voltage o.«cillations are obtained 
to make possible long-distance trans¬ 
mission 
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oscillations of the diaphragm produce sounds which resemble with amazing 
fidelity the original sounds directed into the transmitter. It is obvious that the 
telephone does not transmit sound but, instead, utilizes an electric current to 
reproduce the original sounds. Such a telephone system might work for tele¬ 
phones within the same building but would hardly work over distances of even a 
few miles, because the energy of the considerable current required would be dis¬ 
sipated in heating the telephone wire. The practice, therefore, is to pass the cur¬ 
rent through the primary of an induction coil, as shown in the diagram. The 
oscillations of the current in the primary are reproduced, therefore, in the 
secondary but at potentials very much higher than that supplied by the battery. 
This “stepped-up” potential (see Section 49.10) is more suitable to transmit the 
modulated current efficiently, and over longer distances than would be feasible 
with the low voltage batteries. Only one telephone is shown in Fig. 47-9. The 
party at the other end of the line has an exactly similar instrument, through 
the earphones of which the current from the induction coil passes on its way to 
the ground; by which it returns to the first phone and thereby completes the 
circuit. In cities where there are many stray ground currents a return wire 
must be used to prevent any disturbing currents which might give rise to 
“cross-talk.” Even in this case the pair of wires must he twisted, if in cables, or 
if in the open, strung in a special manner to prevent mutual inductive effects 
between parallel circuits which, under some circumstances, do produce audible 
cross-talk. 

Transformers are induction coils similar in principle to the telephone induc¬ 
tion coils but built especially to give service in alternating current circuits. 

Their use greatly extends the practical 
service of alternating current systems, 
but a discussion of the basic theory 
underlying their action can be given 
more advantageously in the chapter 
dealing with alternating currents. 
47.8. Electrotherapy with High Fre¬ 
quency Induction Field (Inducto¬ 
thermy). Currents of such high fre¬ 
quency that no neural or muscular 
responses are elicited (100 kc/sec is 
about the limit) are widely used for 
the production of heat in tissues. When 
first employed therapeutically they 
were introduced into the body by elec¬ 
trodes made of plates or of electrolyte-moistened pads. More recently the 
heating effects have been produced in the tissues by means of an induction coil 
of a few turns separated but a small distance from the body. A high frequency 
current passed through such a coil produces an oscillating magnetic field of 
the same frequency which penetrates the body and sets up within the tissues 



(d) 


Fig. 47-10. Various forms of low-resistance 
coils used in electrotherapy to generate, 
directly in the body tissues, high-fre¬ 
quency heating currents 
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eddy currents, which are also the same frequency. These produce a localized 
heating effect which is entirely devoid of ionic migration and produces no pain. 
From the standpoint of the results obtainable and of the comfort to the patient, 
inductothermy would appear to be much superior to the earlier types of 
electrode diathermy. Actually the patient himself, in inductothermy, serves 
as the secondary of an induction coil of which the primary can have but 
a few coils of coarse cable to be able to function on such a high frequency, 
for reasons which will be given later. The methods of use and certain forms 
of coils are shown in Fig. 47-10. (a) Represents a coiled cable permanently 
encased in an insulating medium and supported conveniently from the ma¬ 
chine cabinet; (b) is a coil suitable for heating the entire spine; (c) shows 
a coil formed directly about the knees of a patient being treated for arthritis; 
and (d) illustrates the “pancake” form widely used in treating the shoulder, 
chest, and the like. In the case of (c) it is important thoroughly to insulate 
one knee from the other to keep eddy current from flowing from one to the 
other with considerable discomfort to the patient, an excellent illustration of 
the use of “laminations” to limit eddy currents. Other methods of heating 
portions of the body by high frequency methods will be presented later. 


Problems 

1. What average voltage would be induced in a coil of 500 turns while a magnetic 
pole is being thrust into it if in the process each turn of the coil cuts 6000 lines and 

the movement takes 0.15 sec? (Ans. 0.2 volt) 

2. If the coil of Problem 1 has a resistance of 40 ohms what charge would it deliver? 

3. One section of an armature winding has 20 turns and is being driven at a speed 
of 60 cm/sec across a field of 4500 gauss. What is the EMF induced in this section if 
the width of the field being cut is 40 cm? (Ans. 2.16 volts) 

4. Find the EMF in millivolts generated by a bumper of a car if it is 2 m long 
and if the car is going east with a velocity of 21 m/sec (approximately 45 mi/hr) in 
a region where the vertical component of the earth’s field is 0.5 oersted. 

5. In Problem 4 would the north or the south end of the bumper be at the higher 

potential (assume northern hemisphere)? (Ans. North) 

6. A long solenoid having 40 turns per centimeter is surrounded in its mid-portion 
by an 80-ohin coil of 2000 turns. The cross section of the solenoid is 12 cm^. What 
quantity of charge is delivered by the secondary when a current of 8 amp is turned 
on in the solenoid? (Assume an air core.) 

7. Find the mutual inductance, in millihenries, of a circuit in which a change of 
current of from 1 to 11 amp in 0.05 sec produces a counter EMF of 8 volts. (Ans. 40 

millihenries) ^ 

8. The field strengths of large magnets may be measured by means of flip coils— 

coils which are placed in the region to be measured then quickly flipped out to a region 
of negligible field strength. Assume such a coil to have 120 turns, a resistance of 25 
ohms, and a cross section of 5 cm*, and that is connected to a calibrated ballistic gal¬ 
vanometer (an instrument used to measure small charges). If in a certain case the 
latter indicated a total charge of 300 microcoulombs passed through it when removed 
from a field what was the strength of the field being measured? 

9. Calculate the back EMF that would be effective as a current is increased from 
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1 to 5 amp in 0.02 sec, if its self-inductance of the circuit is 50 millihenries. (Am. 10 
volts) 

10. Suppose an EMF of 5 volts is induced in a secondary when the primary current 
is increased from 0 to 10 amp in t seconds. If the mutual inductance is 40 milli¬ 
henries find t. 

11. A flat coil lies on a table. A student brings the N pole of a magnet vertically 
down onto the table. Does the induced current flow clockwise or counterclockwise, as 
viewed from above? (Ans. Counterclockwise) 

12. Many laboratories have a “jumping ring.” A large bobbin of insulated wire sur¬ 
rounding a core of iron wire and having sufficient inductance to hold the current to 
safe values, serves as the primary and an aluminum ring as the secondary of a trans¬ 
former. When a suitable alternating current is passed through the wire the ring may 
jump to a height of a foot or more. Write a clear explanation of the phenomenon. 
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48 

Generators and Motors 


In the previous chapter it was shown that an EMF is induced whenever there 
is a relative transverse motion between a conductor and a magnetic field. This 
discovery, made independently by Henry and by Faraday in 1830-1, was fol¬ 
lowed within a decade by many direct applications to the generation of electric 
power through the motion of conductors in a circular path within a magnetic 
field or, vice versa, the rotation of magnet poles within suitably wound and 
arranged coils. Devices employing permanent magnets and known as magnetos 



Fig. 48-1. Schematic diagram of a sim¬ 
ple alternating current generator (or mag¬ 
neto). The direction of the current 
changes every half-round 



(b) 

Fig. 48-2. The vector diagram in 
(a) shows that component of 
the velocity of the coil normal to 
the lines of magnetic force varies 
as sin B. The variation in the in¬ 
duced EMF is shown in (b) 


are still widely used where only small power is concerned. Later it was found 
that more powerful and more compact generators could be made by replacing 
the permanent magnets by electromagnets. It should be kept in mind that the 
principles discussed in dealing with magnetos apply equally well to any gen¬ 
erator of induced electromotive forces. 

48.1. The Principles of Generators. If the magnetic field is cut by a rotat¬ 
ing loop in the manner diagrammatically represented in Fig. 48-1 the induced 
current will flow in the direction indicated by the arrows. (The student should 
check both arrows by using the generator rule.) In the position shown the rate 
at which the lines are cut is the maximum possible. To bring tlie induced 
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current out of the magneto two or more “brushes/' rubbing on “slip rings," 
R, are generally employed. In Fig, 48-2(a), which shows an enlarged section 
through the magneto, the transverse component, of the tangential velocity, 
V, of the coil is v sin where 0 is the angle between the plane of the coil and the 
vertical plane through its axis. Since 6 is constantly changing it is the practice 
to represent 6 by wt where w (omega) is the angular velocity of the rotating coil 
and t is the time measured from the 0 = 0 position. It must be apparent that 
during half of each revolution the coil must be cutting downward through 
the field and upward through the same field during the remaining part of the 
cycle. This means that a reversal in the direction of the induced current takes 
place each half round, but this automatically would be taken care of by varia¬ 
tion in the aglebraic sign of sin mt. If the maximum value of the induced EMF 
is E, then the EMF at any time, f, after the coil passes through its vertical posi¬ 
tion at the beginning of the positive half of its cycle, can be represented by 
€ = E sin wt. This means that the variation in the instantaneous value of e fol¬ 
lows a sine curve as indicated in Fig. 48-2fb). A current characterized by such 
variations is called an alternating current. A complete variation, that is from 
a to a', b to b', and so forth, is called a cycle and corresponds to one revolution 
of the magneto shown. The number of complete cycles per second is known as 
the frequency. The frequency of most power plants is 60, although 25 and also 
50 are still employed in some localities; but the frequencies of magnetos are 
unimportant, generally, and vary widely. 

Any practical generator would require a coil having a large number of turns 
since the induced EMF will vary directly as this number, other things being 
equal. The current produced by such a coil is likely to deviate somewhat from 
a true sine variation, although manufacturers generally endeavor to design 
their magnetos fas well as a-c generators) to produce a current which approxi¬ 
mates the sine form as nearly as practicable. The current reversals are a result 
of the coil passing alternatively in front of N and S poles. This means that the 
frequency of the induced current could be increased either by driving the 
magneto at higher speeds, or by arranging extra pairs of magnetic poles about 
the common axis. The larger the machine and the higher the frequency desired, 
the larger the number of poles provided in order to make excessive speeds un¬ 
necessary. The size and number of turns on the coils, the number and the 
strength of the magnets and their groupings, as well as the angular speed, all 
affect the output. The famous “Alliance” generators of roughly a century ago 
employed 240 magnets. The modern telephone and ignition magnetos are likely 
to have 4 to 6 horseshoe magnets. 

Power requirements are determined by the demands with respect to potential 
and current. Generally a constant peak voltage is required, hence the rotational 
speeds must be kept uniform. This means that the mechanical power required 
must vary directly as the current drawn, neglecting any frictional effects. The 
opposition torque that must be overcome by the driving torque is that due to 
the reaction of the induced current to the magnetic field (see Fig. 48-7 and 
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recall motor rule, Chapter 44). This force is given at any instant by the relation 
BIL. Hence if / = 0, it follows that also the torque required is zero. Telephone 
users on country lines which employ magnetos for ringing can judge whether a 
telephone line is open, normal, or “grounded” by the torque required to turn 
the magneto coil. 

48.2. The Commutator. Since every wire in a rotating magneto or generator 
coil must pass alternatively N and S poles the direction of the induced EMF 
in the coil must reverse after each pole is passed. It cannot be otherwise. This 
means that a unidirectional current, or direct current, can be obtained only by 
“reversing the reversals” at some point other than in the rotating coil. Such a 


Fig. 48-3. The substitution of a commutator 
(essentially a split ring) for the two slip rings, 
as shown in (a), changes the simple generator 
of 48-1 into a d-c generator. The current in the B 
rotating coil still alternates, but the alterna¬ 
tions are neutralized automatically by the com¬ 
mutator. In (b) is shown the pulsating EMF 
of a single coil and the higher and steadier po¬ 
tential (dotted line) obtainable through the 

use of many turns 

+ 

(b) 

device was invented by William Sturgeon in 1834. It marked an extremely im¬ 
portant advance, because at that time only direct current was considered to be 
of any particular value and even its use was limited by the cost of battery ma¬ 
terials. Sturgeon’s device made it possible to obtain direct currents from the 
alternating currents produced within magneto and generator coils, and to make 
use of cheaper sources of power than the battery materials. 

The essentials of the invention are shown in simple form in Fig. 48-3(a). It is 
seen that a single but divided ring, C, called the commutator, replaces the two 
slip rings of Fig. 48-1. As the coil rotates the brushes, B+ and R- interchange 
segments of the commutator at the instant the current in the coil reverses. For 
example, B+ is always in contact with the side of the coil which at the instant 
is cutting the lines of magnetic force in front of the S pole and hence receives 
the current and serves as the + terminal of the magneto or generator. As a re¬ 
sult the current in the external circuit always flows from the main connected 
to B+ and returns by that connected to B-. If the change-over is at the right 
instant there is zero potential and, hence, no sparking at the brushes. In such a 
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case the ‘‘ooniniutated” current has the form shown in Fig. 4S-3(b). Such a 
current, while direct, is pulsating. This is of little consequence in many of the 
uses of direct current. Actually there are usually many coils in the rotating 
member of the magneto (or of a generator) which is known as the armature. 
These come into the region of maximum efficiency in succession, so that the 
ordinates of the composite curve representing the total current become so nearly 
constant that the curve has only a “ripple” left, as suggested by the upper 
curve of (b). (Tlie ordinates are on a reduced scale.) Even the ripple can be 
liractically eliminated by means of a “filter,” to be described later. 

The use of the multiide coils makes necessary the division of the commutator 
into many narrow sectors to secure the maximum efficiency and the minimum of 
sparking. Also for every pair of poles added to the essential two, an extra pair 
of brushes must be added, since there must be a brush between each N and S 
pole. All positive brushes are in parallel; likewise, all the negative brushes. The 



Fic. 4S—4. Arm;itiirc of the d-c type used also in certain a-c motors. Note the finely 
tllvided eonnnutator, the ohliquc .<Iots to ensure steadier torcpies, and the fan to aid 

in cooling the motor (Courtesy of Westinghouse) 


entire jirmature then acts like a group of cells in parallel. In some magnetos 
tind generators provision is made to control autoimitically the voltage hy a 
shift in the jiosition of the brushes. An armature typical of those used in d-c 
generators and in d-c motors is shown in Fig. 48-4. Note the fineness of the 
divisions of the commutator, and that the coils of the armature are buried 
in slots in the iron core of the armature—an arrangement which not only affords 
protection but greatly increases the magnetic flux through which they cut. The 
iron core is laminated in a direction normal (why normal?) to its axis. 

48.3. A-C Generators. A-c generators frefjuently called alternators, differ 
little in i)rinciple from the magneto except in the use of electromagnets for the 
field. This important improvement was not made until 1845, or more than a 
decade after they were fouml to be a great advantage in motors, strange to say. 
The current to supply the field magnets must be direct current. In small ma¬ 
chines the fiehl is outside the armature and the output is taken off through clip 
rings. However, in practically all the larger alternators the reverse arrangement 
is employed since the field current is usually small in comparison with the out¬ 
put cuneiit, and the voltage lower. The stator, in which the output current of 
the alternator is generated, is connected directly to the power lines, and the 
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current passes through no sliding contacts. For large, low-speed generators such 
as used at waterfalls the rotor may be more than 30 ft in diameter and contain 
a large number of poles. In high-speed machines, such as those driven by steam 
turbines, correspondingly fewer poles are employed. A-c power is generated 
almost exclusively in the large power projects for reasons which will be given 
in the following chapter. For many purposes direct current is preferred; hence 
in industrial establishments, hotels, hospitals, etc., many d-c installations are in 
operation. 

48.4. Polyphase Generators and the Use of Polyphase Currents. Prior to 
the invention of the commutator the generators were, of course, all alternating 



(b) 


Fig. 4S-5. The use of t\vo-phn?e currents, represented in (a), makes it possible to 
obtain a rotating magnetic field in a group of field coils as shown in (b). The heavy 
copper “squirrel-cage” rotor shown in (c) is carried around by the rotating field due 
to the magnetic field of the very large currents induced in the copper rods of the rotor 


current and hence of little use since they could not be used in electrolysis or for 
driving the permanent-magnet motors then available. George Westinghouse, an 
American inventor, and a number of others pioneered developments which 
were designed to make a-c power more widely usable and, thereby, to gain the 
advantages of a-c distribution as well as some of tlie versatility of the d-c 
motors. One of the basic develoi)inents was that of the polyphase a-c genera¬ 
tors and the induction motors. Only the txvo-phase and the three-phase sys¬ 
tems are widely used. The latter has some advantages over the former Init, 
because the two-phase currents may be more simply explained, they alone will 
be discussed. Essentially a two-phase generator has two sets of generating coils, 
having their planes mutually at right angles. This means that the current varia- 
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tions in the one lag behind the other by 90° throughout the Cycle. The two sine 
waves of Fig. 48-5(a) represent the two induced currents which are seen to be 
of like character and magnitude as well as to have a constant phase difference. 
(Three-phase generators would have three sets of generating coils whose cur¬ 
rents would similarly resemble each other but be only 60° apart in regard 
to phase.) 

48.5. The Induction Motor. One great advantage of the polyphase a-c sys¬ 
tem is that it makes possible a very simple solution of the motor problem which 
long remained a handicap in the use of a-c power. To explain the principle of 
these motors, known as induction motors, it is convenient to make use of a 
diagrammatic representation of the essential features given in Fig. 48-5 (b). 
The motor is designed to operate on a two-phase current; therefore it has two 
pairs of poles, one fed by the line and the other by the h line. Assume the 
positions a, 5, c, and so on, to represent a series of positions of the virtual N 
pole of the motor, corresponding to the instants represented by the same letters 
in Fig. 48-5(a). Taking f = 0 at the point a' as the starting point it is seen that 
/j has zero value, hence the N pole is at a (and the S pole is directly opposite, 
at €, a feature that follows throughout). At b' both currents are effective so that 
the K and L poles are both active, and they combine to give an effective pole 
at b. Now at c', h has zero value, but is at maximum strength and the N 
pole is at c. At d', both currents are effective, hence N is now at d, as both L 
and M are contributing. A little later only is flowing so the N field rotates 
to e. In like manner the field continues to rotate, passing through the positions 
/, g, h, finally returning to a and starting a new round. Thus it is seen that 
there is an effective rotating magnetic field set up which is in every sense the 
equivalent of that which might be obtained by mechanically rotating the 
entire KLMN assembly but without the mechanical difficulties the latter would 
entail, indeed without any moving parts at all. The “beauty” of the system is 
seen in the simplicity of the rotor which is shown in Fig. 48-5(c). Obviously a 
magnetic field cutting across the copper bars constituting the “squirrel-cage” 
rotor would induce in them very large currents since their resistance is ex¬ 
tremely small. These large currents, reacting on the field, are pushed around, 
exactly as though the same current had been sent into the rotor from an outside 
source through a commutator, as in the case in a d-c motor (see below). The 
directions of the induced currents and, hence, of their reaction are given by the 
dynamo and the motor rules previously given. (The student should check this.) 
Thus, the rotor is driven at a speed which, although high, can never reach that 
of the rotating magnetic field since at such a speed there would be no relative 
motion, hence no induced current. The greater mechanical power required the 
greater the induced current needed, hence the slower the speed since relative 
velocities must be the higher. 

Observe not only the simplicity of the rotor but also the fact that no slip 
rings or commutator are required. The rotor is complete in itself and trouble- 
free. Such rotors are actually filled with laminated iron (not shown). This pro- 
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vides slots for the copper rods, also mechanical strength and a far greater 
magnetic flux across the copper rods than would otherwise be possible. The 
development of polyphase generators and distribution of electric power and of 
induction motors enabled alternating current to match many of the advantages 
associated with d-c motors and, because of its other advantages as well, left 
alternating current supreme in the electrical power field. Actually, the ad¬ 
vantages of the induction motors can now be obtained to a fair degree with 
even single-phase currents by utilizing principles to be presented later. 

48.6. D-C Generators and Motors. The basic principles of d-c generators 
have really been covered in the preceding sections since most of them are 
identical with those of the magneto and of the a-c generator. The fixed require¬ 
ment is that of a commutator and this is also its chief source of trouble, since 



Fig. 48-6. The armature and the field windings of a motor may be arranged, (a) in 
series, or (b) as shunts (in parallel). The two plans of winding may be combined, as 

in (c) 

the taking of large currents through sliding contacts is bound to present en¬ 
gineering problems. The best known as well as the most widely used d-c genera¬ 
tor is that attached to the engine of every automotive power plant that depends 
on a storage battery for starting and for lights. The generator armature, shown 
in Fig. 48-^, may be considered as typical of those used in ears. A-c generators 
require d-c power to excite their field poles, hence each must have an auxiliary 
d-c generator for that purpose. D-c generators do not suffer from this handicap 
as a part of their own output can be used for their field coils. There are three 
different ways of arranging this. (1) The field coils may be connected in series 
with the armature as shown in Fig. 48-6(a). This is the type found best for uses 
requiring constant current. The street arc-light systems were generally operated 
on such generators, since the lights are connected in series. Series-wound gen¬ 
erators are not suitable for services in which the current drawn is variable, since 
the EMF developed would vary accordingly because increasing the current 
must increase the pole strength. (2) Shunt wound generators have their field 
coils in parallel with the external load as shown in (h). Since their IH drop in 
the armature goes up with increasing load their net EMF falls somewhat with 
increased power consumption. (3) Compound wound generators shown in 
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(c) combine the series and shunt methods of winding and play the disadvantage 
of the one against that of the other and, thereby, secure a more constant EMF 
than either the (1) or the (2) plan could provide. More specifically only a few 
turns of the load line are passed about the field poles, yet enough, to raise the 
EMF sufficiently to counteract the tendency of the shunt wound generator to 
lower its EMF with increasing load. 

48.7. D-C Motors. The d-c motor has many desirable features. Its construc¬ 
tion is essentially the same as that of a d-c generator. It has a large starting 
torque, no favored speeds, and can be operated efficiently through a wide range 
of speeds by simply regulating the current supplied to it. For streetcars, 
elevators, machine shops, and the like, they are generally the choice even when 
a separate generator has to be provided to operate them. Either the field or 
the armature current may be varied to suit special conditions and the motor can 
be stopped and reversed by the use of a reversing switch in either the armature 
or the field winding. (Why not the supply line?) In large electric locomotives, 
which may employ currents measured in thousands of amperes, the starting 
torques not only are large, but can be distributed to many pairs of driving 
wheels cither by conductors or by linking the driving wheels together in the 

usual manner. 

A great advantage of electric locomotives comes from the possibility of using 
a d-c motor as a motor and also as a generator. A motor which serves a train 
on the up-grade of a mountain may be used as a generator on the down-grade 
and may feed energy back into the power lines, or even convert it into useful 
heat. Even on a level road it can serve as an easily controlled and well dis¬ 
tributed brake. This double use of d-c motors provides an interesting applica¬ 
tion of tlic two right-hand rules. For either the motor or the generator rules the 
fingers of the right hand are pointed in the direction of the lines of magnetic 
force indicated in Fig. 48-7fa). Suppose current is being supplied to the 
armature in the direction normal to the plane of the paper, and out. By pointing 
the thumb out it is seen tliat the palm would push the conductor up. (Motor 
rule.) Now suppose that (b) represents the case of a motor in a locomotive 
coasting down-grade. By turning the palm over to receive the moving conductor 
it is seen that the induced EMF is into the paper. Such a current must oppose 
the motion which produced it and may be fed back into the power lines to be 
used elsewhere, perhaps by some locomotive on an up-grade. 

48.8. Back EMF in Motors. The reverse EMF described in the preceding 
paragraph has an important bearing in every motor. Obviously, any motor in 
operation is simultaneously also a generator of EMF in the opposing direction 
since its armature cuts a magnetic field. The net operating EMF which causes 
the current to flow through the armature is not the applied EMF, E,hui E — e 
where e is the back EMF. From this it follows that E — e = IR ov E = e + IR, 
where R is the resistance of the armature. The power consumption is given by 
the relation: El = el + PR. El is the power supplied. PR is the power wasted 
in heat in the armature, and el is the mechanical power produced in the motor, 
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To obtain high efficiency PR must be kept low. But if R is made low an ex¬ 
cessive current would flow through the motor while it is gaining its normal 
velocity, since at the start the value of e is zero. It docs not reach the normal 
value for which the motor was designed until the motor has gained full speed. 
To prevent such excessive currents any motor larger than, say, a half-horse¬ 
power should have a starting rheostat or “starting box” in series with it, in 
which an additional IR drop can be provided while the motor is gaining speed. 
When at full speed all the resistance of the starting box is removed. Such 
starting boxes are generally provided, as shown in Fig. 48-8, with magnetic 



Fig. 4S-7. Schematic diagram 
to illustrate the contrast be¬ 
tween the motor and the dy¬ 
namo effects; the one is es¬ 
sentially a reaction of the 

other 



large motors to limit the 
current while the motor is 
gaining speed and setting 
up the normal back EMF 


locks which release the switch whenever the current is, by accident or otherwise, 
interrupted. Without such automatic protection motors would be subject to 
excessive mechanical strains as well as “burn-outs.** Even small motors, which 
have no starting boxes, arc given an undesirable jerk on being started, but they 
have such small inertia that little harm is done. 

The reality of the reverse or back EMF in a motor may be demonstrated in 
a striking manner by connecting a lamp in series with a small motor. If the 
motor is prevented from turning as the current is switched on, the lamp will 
glow with nearly its usual brightness as it has lost only the voltage due to the 
IR drop in the armature, usually small. If the motor is then allowed to pick up 
speed the lamp grows dim since the increasing back EMF, due to the reverse 
generator effect, leaves a smaller residual PD for the lamp, the total available 
remaining the same. 

48.9. Types of D-C Motors. Motors, like generators, may have series, shunt, 
or compound windings. Briefly stated, series-wound motors have a high starting 
torque and a speed which decreases with increasing load, and vice versa. They 
are especially suitable for electric streetcars and trains, and the like, but they 
tend to “run wild” on light loads and should not be used where such may occur. 
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In shunt-wound motors the field has full value at all times but the armature, 
with its low resistance, must have a starting box in series. The speed is prac¬ 
tically constant under varying loads. However they are very sensitive to field 
current and may develop dangerous speeds if the field is allowed to become 
weak. They may be controlled conveniently by a rheostat in the field circuit. 
They are used wherever constancy of speed is important. Compound-wound 
motors have some of the advantages of each of the other two and are less likely 

to go to excessive speeds. 

48.10. Power and Energy Considerations. The power expended on a gen¬ 
erator is in general supplied by waterfalls, steam engines, or by internal com¬ 
bustion engines. It is likely that the future will see atomic piles added to the 
list of possible sources. Except for losses in friction, those due to resistance in 
the conductors, and losses in the iron which accompany changes in the direction 
of magnetization and which are known as hysteresis losses (all relatively 
small), the power is passed on by the generator to the power transmission lines 

with an efficiency up to about 95 per cent. 

The power received by the motor is converted into mechanical form except 
for small losses similar in nature and in magnitude to those suffered in the 
generator. 

The efficiency of either the generator or the motor is measured, just as in the 
case of any mechanical device, by the ratio of the useful output to the input. 
The application of this to the motor may be illustrated by an example. Suppose 
that a motor on full load is taking 60 amp at 110 volts. Assume that the stray 
losses, mentioned above, amount to 600 watts and that resistance losses (/ R) 
are 400 watts. The efficiency of the motor may be calculated as follows: 


Efficiency = 


Output power _ Input power — Lo.sscs 
Input power Input power 

^ GO X 110 - (400 + r,00) ^ 


60 X 110 


Such an efficiency may be considered as typical, although in large motors the 

efficiency may rise as higli as 95 per cent. 

The total energy involved may be obtained from the product of the power 
by the time during which the power continues to be delivered, since by definition 
Watts = Joules/Time. In the practical field, power is generally measured in 
kilowatts, and the time in hours, hence the energy delivered, for which one must 
pay, is recorded in kilowatt-hours. 

48.11. The Kilowatt-Hour Meter. The principle of the familiar “electric- 
light meter” should be understood whatever one’s feelings with respect to its 
readings. It is really a special motor whose field and armature coils enclose no 
iron, hence produce magnetic effects directly proportional to the currents never 
exactly the case with coils having iron cores. A typical, widely used, domestic- 
type kilowatt-hour meter is shown in Fig. 48-9. The field is provided by low re¬ 
sistance coils of a few turns each, carr>'ing the full amperage supplied to the 
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consumer. The field strength, therefore, is proportional to the current taken, L 
The armature coils arc in parallel with the load hence arc connected directly 
across the mains. They therefore carry a current proportional to the voltage 
supplied, E. The torque, therefore, is proportional to the product, El ; that is, to 
the watts. To give positive control over the speed an aluminum disk, A, carried 
by the shaft, runs between the poles of horseshoe magnets, as shown. Eddy cur¬ 
rents produced in the disk provide a retarding torque proportional to the velocity 
of the disk and large in comparison to any 
due to friction. The final adjustment has to 
do with the position of the magnets. The 
total energy used by the consumer would 
be proportional to the time, hence to the 
number of turns of the armature. The read¬ 
ings are in kilowatt-hours (kwhr) and are 
made directly from the suitably geared 
pointers, each on a separate dial correspond¬ 
ing to a digit in the number. The energy 
consumption for a month is given by the 
difference between successive monthly read¬ 
ings. 

48.12. Synchronous Motors and Timers. 

A synchronous motor is one which at 
a particular speed has a favored mag¬ 
netic relation between the armature and 
the field supplied by the a-c current in the poles. In short it is a motor whose 
speed is strictly proportional to the frequency of the driving current, regardless 
of normal variations in the load or in the voltage supplied by the mains. Some 
of the very smallest, those used in electric clocks or in laboratory timers, have 
a rotor which is essentially a toothed-wheel which turns through the angle be¬ 
tween successive teeth in l/120th of a second (assuming a 60-cycle current) so 
that a pair of teeth is ready to complete the magnetic path between the field 
poles each time a pulse of the current passes through. Any slight loss of speed 
during this interval due to friction or to work being done is recovered through 
the extra pull received by the pair of teeth approaching the poles. A laboratory 
timer, based on this principle and designed by the author, has a rotor with 
12 teeth, hence makes 10 revolutions per second. It drives directly, when the 
clutch is engaged, a counter which therefore registers the time in tenths of a 
second. To time an event one has merely to read the counter, then press the 
counter into mesh at the beginning of the period and out at the close of tlie 
period, finally observing the new reading. The difference in readings gives the 
duration of the event.* Electric clocks depend on a similar action, generally 


Fig. 4S-9. Domestic kilo\vatt-ho\ir 
meter. Note the magnetic brake 
provided for the rotating disk to 
ensure that its speed is strictly pro¬ 
portional to the power used (Cour¬ 
tesy of Westinghouse) 


*For details see Harrington, E. L., The American Physics Teacher, vol. 2, p. 170, De¬ 
cember 1934. 
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the spin of a light permanent magnet. Whatever the type, the electric timers 
are very reliable indeed, assuming the generators in the power house are under 
the control of a standard master clock, as is generally the case. 

Any self-starting synchronous motor must be brought into synchronism 
by some special device or means, after which it remains in step unless over¬ 
loaded. Any synchronous motor, whether a giant with power measured in thou¬ 
sands of horsepower, or a miniature clock-motor with a fractional “mouse 
power,” must have a sufRcient pull to overcome the lag due to friction or to load, 
pulse by pulse, and therefore to keep in synchronism with the driving current. 


Problems 

1. If a laboratory generator develops 120 volts when no current is drawn but only 
115 volts when a current of 40 amp is being taken, what is the resistance of its arma¬ 
ture? How many calories of heat are wasted in the armature in 10 min? (Ans. 0.125 
ohms, 28,800 calories) 

2. What is the efficiency of the generator of Problem 1 if the stray losses are 300 
watts? 

3. A motor develops 5000 watts on a 120-volt line when taking 50 amp. What is its 
resistance, neglecting any other losses? (Ans. 0.4 ohms) 

4. A 110-volt generator and a motor whose back EMF is 95 volts are joined by 
lines having a resistance of 1 ohm. If the armature of each has a resistance of 2 ohms, 
what is the current flowing? Find the PD between the terminals (a) of the dynamo 
and (b) of the motor. 

5. If a motor develops a counter EMF of 100 volts when taking 15 amp and oper¬ 
ating on a 120-volt line, what is its efficiency and its horsepower? (1 hp = 746 watts.) 
{Ans. 83.3 per cent, 2.01 hp) 

6. The flux density in a certain motor is 2000 oersteds. What is the force in grams 
on a 10-turn armature coil when it is carrying a current of 15 amp if its effective length, 
counting its two sides, is 40 cm? 

7. A starting box has a resistance of 3 ohms. If the initial surge of current from a 
220-volt line is 55 amp, what must be the resistance of the armature? What load does 
the motor carry in running on a current of 40 amp assuming the starting resistance is 
cut out? (Ans. 1 ohm, 7200 watts) 

8. A shunt generator shows a brush voltage of 116 volts. If its field coils have a 
resistance of 160 ohms, what current flows through them and what is their power 
consumption? 

9. A shunt wound motor operating on a 110-voIt line has an armature taking 4 amp 
when operating at normal speed. If its resistance is 2 ohms, what must be its ba^ 
EMF? How much power is expended in its field coils if they have a resistance of 150 
ohms? (Ans. 102 volts, 80.7 watts) 

10. A shunt-wound, 110-volt, d-c motor has a field coil resistance of 180 ohms and 
an armature resistance of 1 ohm in which a counter EMF of 104 volts develops when 

running at full speed. Find the efficiency of the motor. 

11. Referring to Problem 10, what would be the current through the armature if the 
motor were stalled for any reason, and what would likely be the result? How much 
starting-box resistance should be put in series with the armature to prevent the inifia 
current from exceeding 15 amp? At what fraction of the motor's full speed could this 
starting resistance (a) be reduced to 3 ohms, and (b) be thrown out if the armature 
current is not to exceed 15 amp? (Ahs. 6.33 ohms; 0.481; 0.913) 
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12. When the motor of Problem 10 is running at normal speed, how many calories 
of heat are produced per minute in the field coils and how many in the armature? 
How many grams of air would have to be drawn through this motor per minute to 
remove this heat if its temperature is not to rise more than 30 centigrade degrees above 
the room temperature while passing through the motor (sp. ht. of air 0.237)? 

209 gm) 

13. Passengers riding on trolley streetcars or buses may observe the motorman 
moving backward and forward a heavy crank while varying the speed of the convey¬ 
ance. Just what is he really doing? It is likely most passengers have heard the “bang” 
of a circuit breaker, and have observed the motorman close the circuit. What is the 
function of a circuit breaker and what might have caused it to act? 

14. A voltage of 550 is widely used in streetcar service while 110 is generally the 
voltage in homes. Compare the currents taken in the two cases by motors of the same 
power consumption. In which case w’ould the heat loss be greater? Which would you 
expect to have the higher efficiency? Explain. 
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Alternating Currents 


In the previous cliapter it was pointed out that all generators actually pro¬ 
duce alternating currents in their armatures, and that d-c generators are simply 
a-c generators provided with a commutator of some type. For many purposes 
alternating currents have a distinct advantage in addition to not requiring any 
commutator or other rectifying device. The simple laws relating voltage and 
current in d-c circuits must be modified for a-c circuits, because varying cur¬ 
rents produce additional EMF’s in any inductance present, and varying volt¬ 
ages cause changes in the amount of charge on any capacitor. When these effects 
are considered it will be shown that it is possible to replace Ohm’s law, I = E/R 
by a more general law, I = E/Z where Z is a quantity called the impedance, 
which depends on the capacitance and the inductance as well as on the resist¬ 
ance of the circuit. Although these equations are similar in form it must be kept 
in mind that some striking differences exist in their application. To illustrate: 
if a 2-amp current flows in each of two branches of a circuit one would find 
4 amp in the main circuit if the currents are direct, but any value between zero 
and 4 amp in the case of alternating currents. It is possible to arrange a circuit 
that would allow only alternating current to pass, another only direct current, 
and yet another that would pass alternating and direct current with equal 

facility. 

49.1. A-C Measurements. It has been shown that in a simple loop of wire 


rotating about an axis perpendicular to a uniform magnetic field there is pro¬ 
duced an EMF which is proportional to the 



Fic;. 49-1. Sine curve tyi)ical of 
the variations in potential char¬ 
acteristic of alternating currents 


sine of the angle through which it has turned, 
and the same can be said with close approxi¬ 
mation for that produced by a rotating arma¬ 
ture coil in an ordinary a-c generator. This 
alternating voltage may then be represented 
by a sine cur\’e as indicated in Fig. 49-1. A 
similar curve will represent also the current 
in most circuits. The curve between corre¬ 
sponding points such as A and B (or C and D, 
etc.) represents one cycle and is all that one 
needs to consider since the rest of the wave 


is made up of mere repetitions in cyclic fashion. Obviously the average ordinate 
between any pair of corresponding points is zero and this rules out any basis 
of measurement which depends on the direction of the current, as is the case 
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in all pcnnancnt-inagnct meters. But the heating effect that is, the encigy 
value of the current—varies as P and hence is independent of the direction of 
the current. This suggests that alternating currents should be measured on an 

energy basis. 

There are available many different types of a-c instruments suitable for 
measuring currents and potentials. Some depend directly on the heating effect, 
such as the hot-wire instruments and those making use of a tlicnnocouple, while 
others depend on the mutual actions between the magnetic fields of two coils 
carrying currents, and still others involve the use of soft iron vanes whicii are 
mutually repelled whichever the direction of the current through the instrument. 




Fin. 40-2. fn) Schematic diagram of the interior parts of an a-c 
tom-photograph of the same, (c) Exterior view of an a-c 

Weston Electrical Instrument Co.) 


instrument, (b) Phan- 
ainmeter (Courtesy of 


The princiide of the last named may be understood from a study of the diagram 
in Fig. 49-2(a) which shows two cylindrically shaped iron vanes within a single 
coil of wire. Whichever way the current Hows tlirough the coil the two vanes will 
be similarly magnetized and will repel each otlier therefore, since like poles 
repel. One of the vanes is fixed, the other is attached to the moving, jewel- 
mounted shaft which carries the pointer of the instrument. An adjustable hair¬ 
spring provides the return-torque needed to bring the needle back to the zero 
position. The pointer carries also adjustable balancing weights and an aluminum 
vane w’hich moves in a close fitting box and provides a quick damiiing of the 
needle. The interior of an ammeter built on this ])rinciplc is sliown in lig. 
49_2(b) and a view of the complete instrument, in fc). 

The cathode-ray oscilloscope, by means of which one may observe not only 
the magnitude of a current but also the wave form and freciuency, is finding 
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increasingly wide uses not only in the radio field but in acoustics, in biophysical 
research, and even in the larger field of electrical power supply (see Chap¬ 
ter 51). 

Using simple trigonometric relations it is easy to derive a relation between 
the average value of P and the square of its maximum value, as follows: 
Assume the value of I to be given by the relation: 1 — 1^ sin tat (see Chapter 
48). Then P = Im\\it ~ I (1 — cos 2 wU/g. The average value of this 
quantity is /„V2 since cos 2w^ is negative half of the time and hence has an 
average value of zero. From this it follows that I = 1.414 7. The a-c 

instruments used to measure voltages and currents are calibrated on the basis 
of this mean square value and their scales give “root mean square" (RMS) 
values. From the above it is seen that a 10-amp alternating current actually 
varies from 14.14 to —14.14 amp. The voltage on an ordinary 110-volt line 
actually reaches instantaneous magnitudes of 155.54 volts. To take care of an 
x-ray tube supply of 200,000 volts RMS safely, its cables must be insulated 
sufficiently well to take care of 282,840 volts and a safety margin besides. This 
is an important matter so often overlooked by both electricians and radiologists 
that x-ray equipment now being supplied has plates giving “peak" values. 

49.2. Some General Considerations. In dealing with direct currents it was 
found that whenever a current flows the impressed voltage equals the sum of the 
voltages used to take care of resistance losses, counterelectromotive forces in 
electrolytic cells, potential drops in motors, and, in fact, all losses in potential. 
Exactly the same principles must be observed in dealing with alternating 
currents; but in this field the problem is greatly complicated by the rapid 
variations in both the direction and the magnitude of the impressed voltage as 
well as in the apparent resistance of the circuit. By considering each demand 
on the voltage supply separately the matter may be greatly simplified. 

Consider first a circuit containing only resistance. The potential required to 
cause a current of 7 amperes to flow through a resistance of R ohms is IR, 
exactly as when dealing with direct current. Whatever else any a-c circuit may 
include it is certain to contain some resistance, and IR must always be counted 
in when computing the voltage. The magnitude of resistance losses in potential 
does not depend on the direction of the current through the resistor, hence pure 
resistors have the same resistance value on a-c as on d-c circuits, except at very 
high frequencies when a “skin effect” becomes important. 

49.3. The Effect of Inductance in a Circuit Containing Both Inductance 
and Resistance. Suppose that a circuit contains an inductance of L henries, 
a resistance of R ohms, but only negligible capacitance. Assume also that the 
current is sinusoidal (that is. it varies as a sine wave). The voltage drop due to 
R is IR as shown in Fig. 49-3tc). The circuit shown makes use of the usual 
symbols for a generator and an inductance. At points marked A the current is 
constant for an instant, hence there can be no back EMF induced at such points. 
The most rapid changes in current occur at the points marked B. At the first 
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and the third of these points shown the current is rapidly increasing in a 
positive direction, hence there will be a maximum of EMF induced in a negative 
direction at these points. In a similar manner one may account for other points 
in the dotted curve marked which is drawn to show the variations in the 
induced back EMF. But the potential which must be applied to take care of 
this must at every instant be equal, but opposite in phase, to as represented 
by the heavy line, labeled Ej^. When the IR curve at B is at zero, the curve 
has already reached its maximum; indeed, at every point it will be seen that the 
IR curve is 90® behind the curve in phase. It is important to note that what¬ 
ever the other requirements to be met. if a current I flows through an inductance 
the voltage needed for it alone is The value of E^ can be shown to be 27r7i/L, 



Fig. 49-3. In a circuit containing both inductance and resistance as shown in (a) 
the current lags behind the potential by an amount depending on the magnitudes of 
the inductance and of the resistance as suggested by the vector diagram (b) and the 

group of curves shown in (c) 

where is in volts, n is the cycles per second (w = 27rn), L the inductance in 
henries, and I the current in amperes. It follows that I = EJ2TtnL — EJXj^ 
where = 27rnL = inductive reactance. It is seen that the inductive reac¬ 
tance limits the current in a-c circuits in much the same way that resistance 
limits the current in d-c circuits. 

The applied voltage must now take care of both the IR drop and the induct¬ 
ance effect of IX in circuits containing both R and L, such as shown in Fig. 
49-3(a). But these two voltages differ in phase by 90®, hence must be added 
vectorially by the method of trigonometry, as indicated in Fig. 49-3(b). A 
method for doing this was outlined in Chapter 24 and examples were shown in 
Fig. 24^2. The voltage required for the resistance is IR and is plotted as a vec¬ 
tor at zero angle. That required for the inductance is IXj, and its vector is 
plotted 90® in advance of the IR vector, as shown in (b). Their vector sum is 
IZ. If this vector diagram be rotated and the vertical components of each vec¬ 
tor be plotted against time as abscissas, three sine curves (disregarding the 
dotted curve) will be obtained, as shown in (c), and the IZ curve gives th(^ 
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total voltage requirement at all times, hence tiTily represents E. From this fact 
and from simple geometrical relations it follows: 

j E 

Z VR^ + Xl^ 

It is seen that Z bears the same relation to E and I as does R in the simple 
Ohm’s law. The impedance, Z, is seen to be equal to y/R^ + X^. If the circuit 
contains no inductance, 27rnL — Xj —0 and Z = R; in other words, Ohm's 
law is the same for alternating current as for direct current (assuming no ca¬ 
pacitance) . For high frequencies n is large and 27rnL may become of far greater 
importance than i?; indeed, as will be seen later, it is necessary to use non- 
inductively wound resistors in many electronic circuits where high frequencies 
arc the rule, in order to keep the value of 2TfnL within practical limits. As 
can be seen from the diagram, the current I reaches any particular phase, for 
instance zero, a constant time after the applied voltage E. This time is repre¬ 
sented by the angle $ which is called the angle of lag and may be computed 
from the simple relation tan 0 = XJR or from cos 0 = R/Z. 

To illustrate the practical importance of these considerations a numerical 
example should be helpful. Suppose a 60-cycle, 120-volt potential should be 
applied to the terminals of a circuit containing a resistance of 6 ohms and an 
inductance of 0.05 henry. Substituting these data in the above equations: 


7 = 


120 


120 


; = 6.08 amp 

r\ ts * 


V02 + (27r00 X 0.05)2 Ott^ 

Since this is a RMS value, the instantaneous currents vary from 6.08 X 1.414 


to -6.08 X 1.414. 

A d-c potential of the same rated voltage would cause a current of 7 = 120/6 
or 20 amp to flow through the same circuit. In this illustration the inductive 
reactance of the circuit is seen to be of greater consequence than the resistance. 
Inductance offers no hindrance to direct current. 

49.4. Currents in Circuits Containing Both Capacitance and Resistance. 
In strong contrast from the preceding, circuits which contain capacitors do not 
pass direct currents at all, yet alternating currents are conducted through 
capacitors quite readily. The larger an inductance the smaller the current, but 
the larger the capacitance the larger the current when one is dealing with alter¬ 
nating currents. Actually no electrons get through a capacitor, but they surge 
into and out of the cai)acitor each cycle, quite as effectively conducting the 
current as though they really had passed through. Assume the circuit shown in 
Fig. 49-4(a). The flow of the current into the capacitor establishes a potential 
difference between the plates which at each instant is given by the relation 
E = q/C wliere E is the potential in volts, q the charge in coulombs on either 
plate or set of plates, and C the capacitance of the capacitor. It may be shown 
by the metiiods of calculus tliat tlie effective “resistance," called capacitive 
reactance, of a capacitor is given by the relation = 1/ (27rnC) and also that 
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with respect to the capacitor alone the potential curve lags behind the current 
curve by 90°, as shown in Fig. 49-4(b). 

The reasonableness of this may be made apparent by considering a few points 
along the curve. At A the capacitor is fully 
charged negatively but the current, having just 
finished the job, is at zero but is on the point 
of flowing in the positive direction to discharge 
it. It will continue to flow in this direction until 
first, at B, the capacitor is discharged, and then 
on until the capacitor is fully charged positively, 
as at C, when it will again become zero. Simi¬ 
larly, it should be clear that a current must flow 
in a negative direction before a positively 
charged condenser can become discharged and 
then charged negatively again. Thus it is ap¬ 
parent that the current variations must precede 
the potential variations by a quarter period, 
just as shown in (b). Practical circuits must 
include also resistance and one must make an 
allowance for both an IR drop and the voltage 
across the capacitor, IX^. Since the former leads 
the latter in phase the two demands must be 
added vectorially in a manner similar to that 
used above in connection with inductive re¬ 
actance, as shown in Fig. 49-4(c). By inspection 
it may be seen that the total voltage requirement, E, is given by the relation; 

E = iz = iVWTx? 

Hence r, 

I = 

+ X,'‘ 

49.5. Circuits Containing Resistance, Inductance, and Capacitance, in 
Series. This most general case, represented by the circuit diagram of Fig. 
49-5(a), need not be discussed in detail since each factor exerts its own influ¬ 
ence and it becomes merely a matter of combining the three vectors in place 
of two as in each of the previous cases. Since IX^ precedes, and follows, 
IR in each case by 90°, it means that their phase difference is 180° and they 
may be combined vectorially as indicated in Fig. 49-5(b). The vector sum of 
the three vectors gives the net voltage requirement of such a circuit, which is 
given by the relation: 

E = IZ = l^JR'^-\- (X^-~XcV 


VW- + (Xl - Vc)- 



m 




Fig. 49-4. In a circuit contain* 
ing only capacitance and re¬ 
sistance, as shown by (a), the 
current precedes the potential 
by 90° as shown in (b). The 
vector diagram is shown in (c) 


Hence 
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The above relations follow directly from the geometry of the vector diagram. 
It is obvious that the capacitance and the inductance tend to neutralize each 
other in their effect on the current. This may be shown numerically by adding 
a capacitance, say of 0.0005 farad (500 microfarads) to the circuit considered 
in the illustrative problem solved above. Substituting the data given into the 
general equation one has: 

2 + 2,(10x0.0005 )* - '^ 6 ^+^ - “ *6 "li™ 

I = 120/14.86 = 8.08 amp 

Thus it is seen that the addition of a capacitor to the circuit actually increased, 
rather than further decreased, the current. 

In some connections the angle of lag is a matter of importance. From the 
vector diagram it is seen that it may be obtained from one of the rela¬ 
tions, sin 6= Xf,)/Z or, tan 6 = 

{Xj^ — Xf.)/R^ and cos 6 = R/Z. In the 
example given cos B = 6/14.86 = 0.404 and 
6 = 66° 10'. Or one might use the relation: 
tan e = 13.54/6 = 2.258 and B = 66° 10'. 
In the interest of simplicity, Xj^, Xp, and Z 
arc each measured in “ohms.” 

49.6. Resonance Circuits. By means of 
vectors and by algebraic expressions, as 
well as by an arithmetical example, it has 
been shown that the effects of inductance 
and capacitance tend to neutralize each 
other. When this neutralization is complete 
the point C in the diagram of Fig. 40-5(b) 
falls on A and (X^ — A’'p) = 0. The form¬ 
ula then reduces to the simple Ohm's law: 

/ = E/R, and the maximum possible current flows for the given potential dif¬ 
ference and resistance. In many practical circuits R is made very small in order 
to keep down the heat losses since they are proportional to R, so that surpris¬ 
ingly large currents may be obtained by a proper balance of inductance and 
capacitance. A low-resistance, balanced circuit is said to be a resonance circuit, 
and such circuits play a most important part in radio circuits. The frequency of 
a resonance circuit may be calculated from the relation: 

X^ - Xp = 0 = 27mL - l/{27tnC) 

From this it follows that: ^ _ I 

2ir\/W 

There are many phenomena in Mechanics that are closely analogous to some 
of those discussed above, particularly the last one. Inductance is suggestive of 
inertia, capacitance of compressed springs, and resistance is comparable with 



(b) 


Fig. 49-5. In a circuit such as shown 
in (a), containing resistance, induc¬ 
tance, and capacitance, the current 
may either lead or follow the poten¬ 
tial, depending on the constants of 
the circuit. In the example shown in 
(b) the potential leads the current 
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frictional effects. Thus the oscillations of the current in a resonance circuit 
have features in common with the oscillations of a weight hung on a spring. 
With the latter arrangement and with negligible friction, large amplitudes may 
be obtained with but small expenditures of energy if, and only if, the frequency 
of the impressed force is equal to the natural frequency of vibration. This 
fundamental requirement is met perfectly also in the mechanical systems of 
watches and of clocks, which are able to run for such long periods on the small 
amounts of energy stored in their springs when winding them. To adjust a cir¬ 
cuit to any given impressed frequency one may adjust either L or C, or both. 
In the case of most radio sets now sold one adjusts only C, but in many of the 
earlier sets one had to adjust both L and C. Such adjustments are still made at 
times in connection with the work in high frequency electrotherapy. 

49.7. Reactances and Resistances in Parallel. While it is hardly feasible to 
treat the general problem of reactances in parallel, there is one particular case 
which is of such importance that it merits a brief discussion. Suppose that a 
capacitive reactance and an inductive react¬ 
ance containing a resistance are connected in 
parallel and the combination is joined to an 
a-c source of power as shown in Fig. 49-6(a). 

Let the currents in the two branches be repre¬ 
sented as indicated in the vector diagram, in 
(b). Since the current into the capacitor must 
lead the impressed EMF, E, by 90® while that 
through L and R must lag behind E by an 
angle that is smaller than 90® by an amount 
depending on the values of L and R, it must 
be apparent that the currents in the two 
branches must be flowing in substantially op¬ 
posite directions at all times. If, through 
the suitable adjustment of the values of 
R, Xj, and the magnitudes of the cur¬ 
rents in opposite phase could be made equal, 
then the one might be used to feed the other and large currents might be made to 
flow in an oscillatory manner in the L-R~C circuit with but only enough current 
drawn from the source of power to take care of resistance losses. In such a case 
the energy of the resonance circuit would be § CE~ when the capacitor is fully 
charged, and a quarter period later it would be h LI- and all in the magnetic 
field about L. Thus the energy would periodically shift in exactly the same 
manner that the energy of a pendulum keeps shifting from the kinetic to the 
potential form and back again in cyclic manner, just as suggested in the pre¬ 
ceding section. The wide usefulness of such a circuit must be obvious. Not only 
in radio and allied fields is it important, but any electronic equipment supplying 
the high frequency fields employed in electrotherapy is likely to incorporate 
such a circuit. 


A 



(q) (b) 


Fig. 49-6. (a) Resonance circuit 
in which the capacitor is in par¬ 
allel with the inductance and 
resistance, (b) Vector diagram, 
convenient in calculating the fre¬ 
quency of the resonance circuit 

of (a) 
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The requirements for resonance may be computed on the basis of the vector 
diagram (b) by requiring that the vertical component of /j; + i, be made equal 
and opposite to Ic- When this is the case /<, = (/« + i) sin 6 or, by expansion: 

A. _ g 

Xc “ ViP + Xl^ ' y/B? A-Xl^ 

r 1 L 

By simplification Xi^c = + Xj} — 2TmL ■ ~ (] 


Hence 


X 




= 2imL 


and, finally, 


n 


"27r VlC L2 


When R is negligible this relation takes the simple form: 

1 


n = 


27r\/LU 


which is a form widely used and identical with that derived in the case of re¬ 
actances in series. 

49.8. Applications. The lights in a theater may be conveniently and steadily 
dimmed by the introduction of an inductance, called a choke, as indicated in 
Fig. 49-7. To dim the lights one has but to increase the value of L, and that 

is done by pushing the iron core farther into the 
coil in the manner suggested in the figure. To 
obtain the same dimming through the use of ad¬ 
justable resistances would involve large losses 
of energy, which would mean not only needless 
expense but very objectionable heating effects, 
since the energy loss varies as PR. With the 
choke one pays for only /(J? —while with 
a rheostat it would be for IE. The saving is pro¬ 
portional to the counter EMF, set up within 
the choke. 

In telegraph, telephone, and in power lines, 
and especially in cables, there is unavoidable 
capacitance between the conductors and between the conductors and the 
ground, which greatly complicates the problem of transmission. The intro¬ 
duction of a counteracting inductance may effectively solve the difficulty. 
In long distance telephony the matter is of vital importance and most inter¬ 
esting, The capacitive reactance depends directly on the frequency, and 
ordinary speech sounds include many frequencies. Speech sounds produced in 
a very distant receiver may be quite unintelligible because of the distortions 
produced through having the different frequencies unequally delayed in phase 
and weakened in volume through the action of the capacitive reactance of the 
line. The “loading coils” suggested by the famous Professor Pupin of Columbia 



Fig. 49-7. The current 

through an a-c circuit may be 
more economically controlled 
by an adjustable inductance 
(choke) than by rheostats 



MEASUREMENT OF A-C VOLTAGE, CURRENT, POWER 


549 


(a) 


(b) 


University are simply inductance coils introduced at intervals along the line 
to neutralize the line capacitance and thereby make transcontinental telephony 
easily possible. By similar means oceanic cable service has been speeded up 
tenfold, although in both cases the use 
of electronic tubes plays an important 
part at present. The really maiTelous 
quality obtained in modern radio broad¬ 
casting and reception would be quite im¬ 
possible except for the application of 
the principles herein discussed. 

49.9. The Measurement of A-C Volt¬ 
age, Current, and Power. Such meas¬ 
urements involve no difficulties providing 
one uses a-c instruments of tlie proper 
type, and the circuit contains only re¬ 
sistance. The current and the voltage can 
be read directly, for in such a circuit the 
voltage and the current are in phase, 
each varies as sin wt and their product 
therefore as sin- wt. The power then may 
be represented by a sine-square curve, as 
indicated in Fig. 49-8(a). It is positive at 
all times. In the case of a circuit contain¬ 
ing no resistance the current curve and 
the voltage curve are 90° out of phase 
whether the circuit includes inductance, 
capacitance, or both. Suppose it contains 
capacitance. The energy delivered to the 
capacitor is given by the power-time 
product, hence is proportional in all cases 
to the area under the power curve. When 
this is positive energy is being given to 
the capacitor (recall energy = ^CF-); 
when negative the capacitor is returning 
the energy to the power line. The E X I 
or power curve, shown in (b) has the 
same area below the line as above, hence 
the net power requirement is zero. A cur¬ 
rent which is 90° out of phase with the 

potential is called a “wattless” current. This means that half of tlie time the 
capacitor and the “inductor,” if any is included in the circuit, are returning the 
energy which they receive in the other half. This is suggestive of the action of 
the weight-on-spring vibrator, which likewise requires negligible power for 
maintenance. 


(c) 


(d) 



E cos d 


Fig. 49-8. The power requirements 
(indicated by shaded areas) in the case 
of a-c circuits depend on phase rela¬ 
tionships in the manner indicated in 
(a), (b), and (c). It may be shown by 
the vector diagram of (d) that the 
power \s I X E cos 6 
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The important case is that in which resistance, as well as inductance or 
capacitance, or both, are included in the circuit. The / and E curves for such 
a case are shown in Fig. 49-8(c), Their product or power curve is seen to have 
small negative lobes which in effect reduce the net power requirement on the 
positive side. If 6 is the phase difference between I and E, the E vector can be 
resolved in the manner shown in (d) into a component, E sin 0, which is 90® 
out of phase with the current and therefore demands no power; and a compo¬ 
nent in phase with the current, E cos 0, which would require power equal to 
IE cos 6. This is the total power. The speed of the wattmeter is proportional to 
EV cos 0, not to EV alone. (The same expression can be derived by apply¬ 
ing trigonometric transformations to the product: ^,„sin {(ot -I- 0) X /p,sinwO- 
Cos 0 is known as the power factor and its value in any case is a most 
important matter from a practical standpoint. The income of a power company 
varies as the power delivered, therefore as cos 6, for a given value of I and of E. 
The maximum power is obtainable when the capacitance and the inductance 
are so balanced that ^ = 0 since cos 0 = 1, its greatest possible value. Banks of 
capacitors are often added to circuits containing high inductance in order to 
keep the power factor high. It is to the interest of both the power company and 
the consumer to keep the power factor high since with a low factor a larger 
current is needed to deliver the required power, and the heat loss (0.24Pi?) 
in transmission increases as the square of the current. The betatron (see Chapter 
61) offers a good illustration. The control cabinet containing the capacitors is 
much larger than the betatron itself. A load of incandescent lamps is almost 
a purely resistance load, and is characterized by a high power factor, while an 
industrial plant utilizing many motors is likely to have a low power factor. 
Electrical machinery is generally labeled in kilovoltamperes (kva) rather than 
in kilowatts. 

As an illustrative example, suppose that 10 kw of power are required for a 
certain purpose and that I is the current required when $ = 0. When cos 0 = 0.8 
the current needed would be 7/0.8 or 1.257. The consequent heat loss in any 
conductor due to its resistance would be, therefore, (1.25)- or 1.56 + times as 
large as before—an increase of 56 per cent. 

From the vector diagrams, Figs. 49-4 and 49-5, it is obvious that the power 
factor is given by the ratio of R to Z, although it may be found directly from 0, 
when known or obtainable. 

49.10. The Transformer. The flexibilitv afforded bv the transformer ae- 
counts for the principal advantages of the alternating current over direct cur¬ 
rent in power transmission and in the practical utilization of electrical energy. 
The structure and the fundamental principles of the transformer may be pre¬ 
sented through the use of Fig. 49-9. Essentially the transformer consists of an 
iron core extending through two coils one of which, called the primary, is con¬ 
nected with the source of power, the other, called the secondary, to the circuit 
in which the power is utilized. Its use enables one to obtain in the secondary 
coil voltages which may be either higher or lower than that in the primary, 
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to isolate a portion of a circuit, or to secure a number of different voltages from 
the same primary, which may be accomplished by providing as many second¬ 
aries as there are voltages desired. 

Let /j, and Fj, respectively, refer to the number of turns in the primary, 
the primary current, and the applied voltage, and 1^, and have similar 
meanings with respect to the secondary coil. When the secondary circuit is 
open only a small current, called the magnetizing current, flows in the 
primary, its value being determined by the current necessary to set up a back 
EMF sufficient to balance Since the impedance in such a circuit is due 
almost entirely to the inductive rea''.tance there is a phase difference between 
the current and the impressed potential of nearly 
90° so that the value of cos 0, and, therefore, of the 
power, /,„Fj cos B, is nearly zero. That is why it is 
practicable to keep the potential on the primary 
even when the secondary is not in use. 

Since the same magnetic jlux threads the two 
coils the induced EMF in the secondary will bear 
the same ratio to that in the primary as the num¬ 
ber of turns in the secondary bears to the number 
in the primary; that is, V^/V^ = N^/N^. 

When the secondary circuit is closed a sec¬ 
ondary current will flow, and flow in such a direction as to set up a magnetic 
field in the core which opposes that in the primary (Lenz law). As this neu¬ 
tralizes the self-choking field due to an additional current, is now able to 
flow in the primary. The magnitude of /j must be just that which is sufficient 
to build up a magnetic field which is equal and opposite to that due to /g. Since 
the magnetic fields may be assumed to be proportional to the products of the 
number of turns by the currents, it follows that, 

or N._/N, = IJl^ 

Combining this with the first relation it is seen that 

F./Fi = or VJ, = 72/2 

that is, WattSj = Wattso 

It should be kept in mind that /j does not include /„. In spite of this the effi¬ 
ciencies of transformers run very high, say up to 99 per cent in the case of the 
very large transformers. 

To show the general utility of the transformer, several practical cases will 
be considered. Suppose one wishes to use the power line to ring a doorbell 
requiring 4 volts and 2 ainj). One possibility with a 110-volt, d-c line supply 
would be to use in series with the bell a resistance of 106/2 or 53 olims to take 
care of the 106 volts in excess of that required by the bell. With such an ar¬ 
rangement when the current is interrupted at the breaker points the high voltage 





Fig. 49-9. Schematic diagram 
of a step-up transformer 
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would cause destructive arcing at these points. This difficulty could not be over¬ 
come even with a more suitably wound bell. Now assume a 110-volt, a-c power 
line. To get the needed 4 volts one merely uses directly on the power line a 
transformer wound to give 4 volts on the secondary. As the bell rings no serious 
arcing occurs. The wattage required from the d-c line is 2 X 110 = 220 watts. 
With the a-c arrangement there is needed only 2x4 = 8 watts or less than 
4 per cent of the d-c requirement. 

In an ordinary radio set some tubes may require for the filament 2.5 volts, 
others 5 volts, while the grids, plates, the loud speaker, etc., a still different 
assortment of voltages, running up to, say, 400 volts. Yet all of these may be 
economically obtained from a single, and very compact, transformer operating 
on an ordinary 110-volt, a-c supply line. In contrast, a hospital might obtain 
by the use of transformers connected to a-c power lines the voltages required 
by a plant designed to operate a 400,000-volt x-ray tube, or a plant controlling a 
betatron producing multi-million-volt radiation. The high voltages required by 
neon signs are obtained from very simple transformers, usually operating on 
110-volt, a-c lines. The insulation of the windings on high voltage transformers 
is both difficult and expensive. 

The most striking and basically important case has to do with the trans¬ 
mission of power through long distances. Consider two possibilities with respect 
to the transmission of 500,000 watts. Suppose first that it is transmitted at 
4 amp and 125,000 volts, and secondly, at an amperage of 40 and a voltage of 
12,500. Since the heat losses in a line are proportional to the square of the 
current the loss in the second case would be (40/4)2 qj. ^qo times that in the 
first case, a loss which would be quite prohibitive. It should be obvious why 
power companies make use of the highest voltages it is possible to employ with¬ 
out serious corona discharges. Even in a system which has to do with but a 
single city it would be impossible to give consumers unequally distant from the 
power house equal voltages except through the use of transformers having 
secondary windings differing in the number of turns to suit their locations. 
49.11. Rotary Converters and Motor-Generators. For many purposes alter¬ 
nating currents cannot be used, particularly those which involve electrolytic 
action. For example, one cannot charge a storage batter^’- with alternating 
current, and electric arcs and motors for many uses operate more satisfactorily 
on direct current. It is generally more economical to convert a-c power into d-c 
than to maintain a separate d-c supply. The rotary converter offers perhaps tlie 
most satisfactory means of doing this where considerable power is required. It 
consists essentially of an a-c motor furnished not only with the usual slip rings 
for getting the current into the armature, but also with a commutator connected 
directly to the coils of the armature so that direct current may be drawn from 
the commutator brushes. Frequently the driving and the generating functions 
are served separately, an ordinary a-c motor being used to drive a d-c generator 
built to give the current and the voltage desired. Such a combination is known 
as a motor-generator. The reverse process may be quite as important in any 
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community, industrial plant, hospital or school, on the farm, in the automobile, 
in fact wherever only d-c power is available. Exactly the same mechanisms may 
be employed for the purpose, except that in this case the motor is direct current 
and the generator is alternating current. Large numbers of such sets are now 
being built to operate on d-c sources and to supply power for radio sets, most 
of which are now built for a-c operation. 

49.12. Rectifiers. Devices for the direct conversion of a-c power into d-c 
power other than by regeneration are known as rectifiers. Most of these depend 
for their action on the fact that an incandescent solid is an emitter of electrons, 
a phenomenon which will be treated in the following chapter. Rectifiers which 
depend on an electron-emitting cathode are of two classes, those which utilize a 
gaseous discharge, and the vacuum type in which the entire current is carried by 
an electronic discharge from the cathode. The 
first of these will be discussed here briefly, 
and the second, in the following chapter in con¬ 
nection with radio circuits. 

The “Tungar” and the “Rectigon” employ a 
bulb filled with pure argon at a pressure of a 
fraction of an atmosphere. A diagrammatic 
representation of a circuit suitable for charging 
a storage battery is shown in Fig. 49-10. In 
this T is a transformer secondary supplying 
both the plate potential to P and a heating 
current to the filament, F. A plate current can 
flow only during that part of the cycle when 
the electron-emitting filament is negative. During the part of the cycle when 
P is negative no current can flow since P emits no electrons. The current 
through the battery is unidirectional, therefore, and quite suitable for charging 
the battery, B, in spite of its pulsating character. Such a rectifier is a half-wave 
rectifier, but this does not imply low efficiency since no energy is consumed 
except during the half cycles when the current flows. Full-wave rectifiers work¬ 
ing on the same principle are in use as well. They may employ either two half¬ 
wave bulbs or else a bulb with two anodes. 

The mercury-vapor rectifier is very similar in use and in principle to the 
hot-cathode rectifiers just described, the only essential differences being in 
the use of a pool of mercury in place of a filament as a source of electrons, of 
mercury vapor instead of argon, and the necessity of using full-wave rectifica¬ 
tion. The copper-oxide rectifier and the selenium rectifier, more recent 
developments, are rapidly gaining in popular favor clue to their simplicity and 
the fact that they do not require a bulb or any moving parts. The action of tlie 
copper-oxide rectifier depends on the fact tliat electrons flow more freely from 
a copper plate through a copper oxide film to a collecting plate than in the 
reverse direction. Mechanical rectifiers also arc used. Their chief advantages 
lie in their initial low cost and their sturdiness. ^lany are simply vibrators 



Fig. 49-10. Wiring diagram of 
a Tiingar (or Rcctigon) a-c 
rectifier being used to charge 
a storage battery 
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tuned to the frequency of the a-c source of power. The armature of such a device 
carries contacting points which serve to “reverse the reversals” in the supply, 
thus delivering a direct current from its terminals. The reverse type, also, is in 
use, particularly in cars where they operate on a 6-volt battery and deliver the 
alternating current required for the radio in the car. 


Problems 

1. A 2300-volt line gives a-c service to a hospital where the lighting circuits carry 
110 volts, certain instruments require 6 volts, and where the x-ray transformer delivers 
400,000 volts. Calculate the maximum voltage for each of the RMS voltages mentioned. 
(A/^s. 3250 volts, 155.5 volts, 8.48 volts, and 565,680 volts) 

2. On a 110-volt, 60-cycle service a circuit containing 8 ohms of resistance and 0.05 
henry of inductive reactance is switched on. How much current flow’s? 

3. Show by calculation whether it would be safe to plug the circuit of Problem 2 into 
an outlet giving the same voltage but carrying a 25-cycle current, if the current must 
not exceed 8 amp. {Ans. 9.82 amp; no) 

4. How much additional inductance must be included in the circuit of Problem 2 
to bring the current dowm to 4 amp? 

5. What a-c, 60-cycle voltage w'ould be required to send 6 amp through a circuit 
containing a resistance of 2 ohms and an inductance of 20 millihenries? (Ana. 46.8 volts) 

6. A 115-volt, 60-cycle power supply is connected to a 0.0002-farad capacitor. How 
much current flows through the circuit if the connecting wires have a resistance 
(a) that is negligible, and (b) of 11.5 ohms? 

7. How many henries of inductance must be added to the circuit of Problem 6(b) 
in order to obtain a current of 10 amp? (Ana. 0.0352 henry) 

8. Assume a certain carbon arc has a resistance equivalent to 12 ohms w'hen it is 
carrying a current of 5 amp. What resistance should a rheostat in series have to run 
the arc on a 120-volt, d-c line? 

9. Assuming the same carbon arc as in Problem 8 is operated on a 60-cycle power 
line how many henries of reactance must a choke coil, used in place of the rheostat, 
have if the current is to be kept at the same value? (Ans. 0.0551 henry) 

10. If the cost of operating the arc is proportional to the total resistance, only, com¬ 
pare the costs for the conditions stated in Problems 8 and 9. 

11. Find the angle of lag, and the power factor, for Problems 2, 5, 6(b), and 9. 
(Ans. 66^59', 0.391; 75M(r, 0.256; -49'’5', 0.655; and 60°, 0.50) 

12. A certain 110-volt, 60-cycle power supply is connected to a circuit containing 12 
ohms and an inductive reactance of L henries. A current of 5.0 amp flows, but the 
watt-meter indicates only 500 watts. Explain. Find the value of L, and the w’att con¬ 
sumption. 

13. Power service is to be given to a hospital. Assuming a total line and hospital 
load of 4.6 kw and a line resistance of 0.3 ohm, what would be the voltage at the 
hospital if connected to 110-volt service, also if connected to a 2300-volt transformer. 
Find the power loss in per cent for each case. (A«s. 97.46 volts, 2299.4 volts; 11.4 
per cent, 0.026 per cent) 

14. What w’ould be the heat loss per hour in the lines for each of the cases men¬ 
tioned in Problem 13? 
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Electron Tubes and Basic Principles 
of Radio Circuits 

50.1. Foundational Work. Following the basic work of Henry, Faraday, and 
Ampere in electromagnetics, and the theoretical work of Maxwell, the progress 
in the understanding and use of electricity was rapid and the discovery of new 
principles continued. In each decade important advances were made. In the 
1850’s the oscillatory nature of electrical discharges was established, during the 
1850-70 period the mathematical groundwork of electromagnetic radiations was 
laid by J. Clerk Maxwell and others, in the 1880-90 period Edison discovered 
the one-way flow of electrons through an essentially diode (two electrode) 
bulb. The same decade saw the striking demonstration of the production and 
transmission of electromagnetic or “Hertzian” waves, the actual forerunner of 
radio as it is now known. The 1890-1900 decade saw an intense activity in the 
study of gaseous discharges, efforts to measure the electron as such by Thomson, 
the discovery of Roentgen rays and also of radioactivity. It was in this decade, 
also, that the Fleming valve came into use and the idea of using Hertzian waves 
for communication over long distances was conceived by Crookes and put into 
operation by Marconi. Early in the new century followed the birth of the 
quantum theoiy, the measurement of the charge of the electron by Millikan, 
and the invention of the three-electrode or triode tube by Lee de Forest. These 
advances were followed by the rapid expansion of large industrial research 
laboratories and the exploiting of the radio or electronic tube and electronic 
circuits in many fields. The electron microscope, television, radar, electronic 
counters, and the like, are all so recent as to require no detailed comment. 

50.2. The Edison Effect, and Thermionic Emission. It was in 1883 that 
Edison first observed that if a metal plate were introduced into the bulb of an 
incandescent lamp, his then recent invention, a minute current would flow 
through the bulb between the plate and the filament when the plate was made 
positive, but not when it was given a potential negative with respect to that 
of the filament. If direct current is used and the plate is connected through 
a galvanometer to the positive lead, a current is indicated but the galvanometer 
shows no deflection when the plate is joined to the negative lead. When a-c 
power is substituted for d-c power, a small current will flow due to pulses which 
get to the plate during the half cycles when the plate is positive. This action 
of passing current in only one direction is called “rectification.” Unfortunately 
the current obtained was so small that Edison did not appreciate the l)asic im- 
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portance of this discovery, and it was left to Fleming to demonstrate (1896) 
the usefulness of this two-electrode tube or diode as a rectifier of oscillating 
currents. It soon became known as the Fleming or thermionic valve. Richard¬ 
son and also Langmuir realized that the action was based on the emission of 
electrons from hot bodies and each made important contributions in the new 
field of thermionics, as it appropriately came to be called. Among other things 
it was found that the thermionic emission depended not only on the tempera¬ 
ture of the emitting surface but also on the substance itself. The net loss of 
electrons depends also on the electric field surrounding the surface. 

Surfaces from which electrons may be readily removed, like those of the 
alkali metals, thorium, barium and cerium oxides, and so on, will emit electrons 
not only more copiously but at a lower temperature than will the surfaces of 
more commonly used metals and of carbon. Surfaces of the first group are said 

to have a lower work function than those of the 
latter group. For example, the energy required to 
remove an electron from a barium oxide surface 
is less than the energy needed to remove an elec¬ 
tron from a tungsten surface at the same tem¬ 
perature. These discoveries led to the use of 
thoriated tungsten filaments and also of coated 
cathodes, and nickel or platinum surfaces coated 
with barium-strontium oxide. The construction of 
a typical heated-cathode is shown in Fig. 50-1. 
A fine, coiled tungsten heater wire, H, is em¬ 
bedded in a refractory insulating material filling 
a coated metal cathode, K, as shown. Not only is 
such a cathode more sturdy than an exposed 
tungsten filament could be but, even more important, the entire surface of the 
cathode is at the same potential. It is obvious that in the case of an exposed 
filament the potential difference between the filament and the grid or plate 
will vary from one end of the filament to the other due to the IR drop in poten¬ 
tial along the filament. While this may be unimportant in a rectifier it is a 
very critical matter in many uses of electronic tubes. 

The emission of electrons from a hot surface is closely analogous to the 
evaporation of molecules from a liquid surface. Both depend materially on the 
temperature, and both depend also on whether the escaped particles are quickly 
removed or left free to return to the surface from which they escaped. The effect 
of an air current on the rate of evaporation is well known. Similarly it is found 
that the rapid removal of electrons by a strong electric field surrounding the 
emitting surface prevents the accumulation of a space charge and greatly in¬ 
creases the effective or net rate of emission of electrons since the field reduces 
their chance of returning to the surface from which they were emitted. The 
thermionic current is found to increase as the square root of the cube of the 
potential applied to the plate throughout the range of potential in which the 



Fig. 50-1. Representation of 
the structure of a heated cath¬ 
ode. The entire outer shell of 
K is at same potential 
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space charge limits the current flow. In the absence of positive potential applied 
to the plate, the space charge soon virtually stops the effective emission in 
much the same way an enclosed space above a liquid apparently stops evapora¬ 
tion. The emission actually continues but there is no flow of electrons to the 
plate since as many return to the cathode as are emitted. The variation of the 
emission of a pure tungsten surface with temperature on the centigrade scale is 
shown in Fig. 50-2. It is to be kept in mind that whatever the temperature there 
is a maximum current which can be obtained no matter how strong the applied 
field, since no more electrons can be swept away than are emitted. The curve 
shown is based on such maxima. A thoriated tungsten filament at 1600®C 



Fig. 50-2. Variation in electronic emis¬ 
sion per unit area of a pure tungsten 
with temperature. Note how rapidly 
the emission increases at high tem¬ 
peratures 



Fig. 50-3. (a) Typical thermionic full- 
wave rectifier. By means of inductance and 
capacitance the pulsating current to the 
plate, (b), can be changed to a steady 
current through the load (c) 


would have an emission equal to that of a tungsten filament at 2200°, and the 
oxides of barium and strontium emit strongly at 1000°C. While the emissivity 
rises rapidly with increasing temperatures, in the manner shown, the life of a 
filament is reduced accordingly, hence for each material an optimum tempera¬ 
ture of operation is the aim of those who design electronic equipment. The in¬ 
directly heated cathodes have long lives, perhaps 5000 hr, if at no time exces¬ 
sively high plate voltages are employed. It is believed that their high emission 
is due to a monomolecular layer of the pure metal, barium or strontium, cover¬ 
ing the oxide, as these pure metals are known to have low work functions. 

50.3. Thermionic Tubes as Rectifiers. Attention has been called to the use 
of a diode as a rectifier, but it could pass a current during only that part 
of each cycle when the plate is positive. To obtain full-wave rectification the 
arrangement of either two half-wave bulbs or of a single bulb provided with 
two anode plates, as shown in Fig. 50-3, is necessary. The primary of the 
transformer, T, is joined to the usual 110-volt service lines. There are two 
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secondaries, one with a small number of turns serves to heat the filament to the 
operating temperature and thereby to furnish a supply of electrons. The plate 
or load transformer is provided with a winding, A-B, designed to give twice 
the voltage required on the d-c load. A and B are connected to the rectifier tube 
plates, but since only one of these can be positive at any particular instant 
only that one can serve as an anode. This means that only the positive half of 
the transformer delivers current at any time, but w'hichever half is positive the 
current leaves the rectifier bulb by way of the same filament leads, and the 
center tap of the filament transformer furnishes the starting point for the posi¬ 
tive lead to the external d-c load. This explains why the winding of A-B must 
have twice the number of turns w^hich would otherwise be required to supply 
the d-c voltage. The rectified current would have approximately the form 
shown in Fig. 50-3 (b) and would be quite satisfactory for many uses. It would 
be unsuitable for a radio circuit since it would cause the familiar 120-pulse/sec 
hum (assuming a 60-cycle current). Much of this can be eliminated by con¬ 
necting a capacitor, C, in parallel with the load since it can serve in the same 
way as the springs on a car take care of the bumps on a road. But springs alone 
will not ensure a smooth-riding car; there must be considerable inertia as well. 
Similarly, a capacitor alone is not as effective as a capacitor associated with an 
inductor, L, in smoothing out the ripples in the current curve. Capacitors alone 
will let oscillations through, but not the d-c components, while inductors pass 
direct current readily but resist oscillations. Hence the load potential is 
smoothed out. The “power pack*' of any good radio, for that is what the circuit 
of Fig. 50-3fa) represents, must have adequate capacitance and inductance; in 
other words, it must have a filter with a capacity sufficient to reduce the ripple 
below the level at which it would be noticeable to the ear, that is, to yield a 
voltage curve such as shown in (c). 

50.4. The Triode. With the invention by Lee de Forest, an American, of the 
triode or three-electrode valve in 1907 the electronic age, if it may be called 
that, was ushered in. The Edison effect and the utility of the Fleming valve had 
been known for some years; but the use of the valve did not develop rapidly 
since the best it could do was to sort out portions of any electromagnetic wave 
which might l)e received by it. AVith the introduction of a third electrode it be¬ 
came possible, for the first time, to control a local source of energy by a minute 
amount of incoming electrical energy. The new principle involved and a 
method of studying the action of a triode may be explained conveniently by 
means of the circuit shown in Fig. 50—4(a). T is the symbol used to represent 
a triode. The new feature is a grid, G, interposed between the cathode, K, and 
the plate, P. The enlarged diagram shown in fb) represents a typical set of 
electrodes, although many types are in use. Since the grid is so much closer to 
the cathode than to the plate, a small potential on the grid is able to control 
the flow of electrons between K and P. 

In the experimental study of a triode the current through //, used to heat 
the cathode, K, is kept at the rated value in order to ensure adequate emission. 
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In order to determine the performance of any particular tube the plate is set 
at a definite voltage, say 60, and kept constant while the grid voltage, is 
varied from perhaps -20 to +10, the grid voltage and the plate current, /(,, be¬ 
ing recorded for each step within the range. However, for tubes having other 
than pure tungsten filaments it is wiser to avoid giving the grid positive poten¬ 
tials. Finally the values of are plotted against those of E^, as shown in 
Fig. 50-5. An arrangement (not shown) permits making G either positive or 
negative with respect to the cathode. The curve obtained is known as a mutual 
characteristic curve of the tube. As might be expected, the curves obtained 
when using higher plate potentials such as 120 and 180 volts show higher values 
of /(, than are reached by the 60-volt curve for the same potential on the grid. It 
is apparent that the power of the plate circuit is supplied by the B battery and 




Fig. 50-4. (a) Simple laboratory circuit Fig. 50-5. Typical plate-current 

for obtaining the characteristic curves of vs grid-voltage curves of a triode 

a triode. Details of the filament, grid, 
and the plate are shown schematically 

in (b) 


the grid battery has to supply only a controlling field between G and K since 
the current to the grid is normally very small. The energy of a stream of water 
from a water main bears little relation to the strength of the man or boy who 
turns the valve, as long as he is able to turn it. This is the fundamental ad¬ 
vantage of the triode over the diode and, while this advantage has been pushed 
to higher limits through the use of additional electrodes, the triode marked a. 
major advance. 

50.5. Amplification. Perhaps the most outstanding and the most valuable 
quality of radio tubes is the amplification of weak potential variations made 
possible by their use. It may be the weak signal from a distant broadcasting 
station, the minute potentials arising from nerve or muscle action, or a feeble 
but significant electrical effect involved in some research problem, as likely to 
be in one science as in another. To illustrate the basic principle of amplification 
a single characteristic curve of the type shown in Fig. 50-5 will be used in the 
manner shown in Fig. 50-6. Assume an incoming signal, whatever its source, 
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causes an oscillation in the potential on the grid between the limits indicated 
by .4 and B, and about the mean point, M. The plate current, A% corresponds 
to a grid voltage of A, just as the plate current, B', corresponds to a grid 
voltage of B. If the plate current be passed through a resistance in the plate 
circuit, the alternating potential produced across the resistance may be much 
larger than the alternating voltage applied to the grid. The fact that the output 
of this single-stage amplifier is far stronger than the input is due to the energy 
contributed by the local source of d-c potential included in the plate circuit. 
Any resistor through which the plate current might be passed would provide 



Fig. 50-6. (a) Representation of the amplifying action of the triode. (b) Simple one- 
stage amplifier. The output-voltage could be used as the input-voltage for an addi¬ 
tional stage, and so on 

» 

corresponding variations in the IR drop in potential, and these could be fed 
into a second-stage amplifier, and so on. 

It is obvious that unless the mean point, M', falls near the middle of the 
straight portion of the characteristic curve the oscillations of the plate cur¬ 
rent about M' will not be symmetrical even if the oscillations of the signal on 
the grid are symmetrical about M, In other words, the tube will introduce a 
distortion in the oscillations of the plate current, and these would be passed on 
to the next stage of amplification. Tubes vary widely in their ability to in¬ 
crease effectively the signal amplitudes and may be in part evaluated on the 
basis of their amplification factor. Suppose that, in a certain tube operating 
about the M point, it is found possible to increase the plate current by 1 milli- 
ampere either by increasing the plate voltage from 120 to 144, or by keeping the 
plate voltage constant and increasing the grid voltage from —7 to —6 volts. The 

amplification factor in this case is » = J_ 44 — 120 _ Eh' — _ 24 

In words, the amplification factor, fi, of a tube may be defined as the ratio of the 
change in plate voltage, AEj,, which is required to produce a certain change in 
the plate current to the change in grid voltage, which would produce the 
same change in the plate current. The value of a gives a measure of the greatest 
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gain in voltage that can be obtained from a triode when used as an amplifier. 

Special tubes having a larger number of electrodes than three make possible 

amplification constants perhaps 10 times as great as the value shown in the 

above example. A simple triode for which ft = 24 would be considered a good 
one. 

A single stage of a “resistance coupled” amplifier is shown in diagrammatic 
form in Fig. 50-6 (b). In this and in subsequent diagrams the circuit used in the 
ii^irect heating of the cathode will be indicated by II but not drawn. While a 
B battery” is indicated as the source of plate potential it will be understood as 
a symbol only, since a power pack is likely to be the source used in practice. 
The grid-leak, G.L., prevents the accumulation of any 

charge on the grid which would affect its operatine 
^^otential. 

50.6. Vacuum Tube Oscillators. For the early work 
in wireless telegraphy, high-frequency generators simi¬ 
lar in form to ordinary power generators were em¬ 
ployed. With the development of high-power tubes 
bioadcasting stations now use tube-operated, tuned 
oscillator circuits exclusively. A simple oscillator is 
shown in Fig. 50-7. It will be observed that the circuit 
makes use of no iron, no moving parts, and that the 
adjustable capacitor makes possible a control in the 
resonant frequency of the L~C circuit. The close re¬ 
semblance to the resonance circuit shown in Fig. 49-6 



Fig. 50-7. Radio-fro- 
quoncy circuit of tlie 
tuned anode tyj)e 


sliould be studied. In this particular case any energy lo.rt from the circuit or 
passed on is replaced by the high-tension power source, H.T. Assuming small 
resistance the frequency of oscillation of the circuit is given by the relation 

developed in the previous chapter, n = The current fluctuations in L 

^TT Y X/C . 

will be large for only oscillations of this fundamental frequency, hence the 
influence of L on the transformer-coupled coil of the grid circuit will be strong 
for only this same frequency. Thus there is a feedback of power from the plate 
into the grid circuit in which the oscillations given to the grid effectively rein¬ 
force those already established in the plate circuit and, thanks to the H.T 
source of power, serve to build up the power in the plate circuit and to take care 
of the output of the oscillator as well. The oscillations in the grid serve the same 
purpose in this circuit that the incoming signal served in the circuit discussed 
in the preceding section. Only a minute fraction of the energy of the plate circuit 
oscillator needs to be diverted to produce the continuous wave output through 
the effective control operation of the grid. The details as to phase relations and 
as to direction of windings are important but must he omitted from this discus¬ 
sion. The out|iut coil might be connected to a laboratory circuit requiring high- 
frequency power, or possibly to an antenna, either directlv or after beimMuodu- 

latcd, 
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50.7. Modulation. The methods of modulation presuppose a continuous 
wave (C\V) transmission of constant amplitude as a foundation. The modulator 
superimposes on such a carrier wave the modulations in amplitude character¬ 
istic of, say^ the human voice or of music. A circuit which makes this possible is 
shown in Fig. 50-8. It will be observed that it is quite similar to that shown in 
the previous circuit except for the addition of a microphone circuit with its 
audio-frequency transformer by which the modulations or intensity variations 
of the voice currents are impressed on the output of the oscillator. The sound 
vibrations entering the microphone, M, produce electrical oscillations which are 
impressed by way of a transformer, Tj, on the grid of a one-stage amplifier. 
The output of this, in turn, impresses its wave form on the plate circuit of the 
oscillator proper through the transformer, T^. Iron-core transformers are used 
for both and Tg since they are not only more efficient in the audio-frequency 




Modulated 
R-F output 


Ficj. 50-8. A simple oscillator arranged to produce a modulated radio-frequency output 
(.\dapted from Burton, Grayson-Smith, and Quinlan, courtesy of Sir Isaac Pitman 

and Sons (Canada) Ltd.) 


(A-F) range, but they effectually block any radio-frequency (R-F) transmis¬ 
sion in the reverse direction. In fact a by-pass capacitor, C^, is provided for the 
R-F currents in the plate circuit of the oscillator so that they will not affect 
the H.T. source or the A-F amplifier. However, Cj does not seriously affect 
the A-F component from Tj, which is therefore effectively impressed on the 
plate of the oscillator. Oscillators can be designed to supply an R-F output 
voltage proportional to the applied plate voltage. The result is a modulated 
R-F output; that is, R-F oscillations having amplitudes which vary with the 
applied A-F. Although the circuits given in Figs. 50-7 and 50-8 are in line with 
many in practical use, it must be understood that there are many types of 
circuits designed to produce the same practical results. For example, in some 
cases modulations are impressed on the grid of a R-F amplifier rather than 
on the plate circuit but the principles involved and the results secured are very 
similar. A system has been developed in which the frequency, rather than the 
amplitude, of the carrier wave is modulated. Frequency modulation (FM) 
is somewhat more complicated than amplitude modulation (AM), and a de¬ 
tailed discussion of it cannot be included in this text. Its main advantage is 
the reduction of static, which is especially important in the vicinity of cities. 
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In general static is caused by tlie effects of atmospheric discharges on the 
amplitudes. Such disturbances would not affect frequencies. 

50.8. Transmission Circuits. While Morse code might be broadcast simply 
by interrupting with a key the continuous-wave output of a R-F oscillator, the 
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Fig. 50-9. Block diagram showing the essential elements of the circuit required in a 
broadcasting station (Adapted from Burton, Grayson-Smith, and Quinlan, courtesy of 

Sir Isaac Pitman and Sons (Canada) Ltd.) 


transmission of telephonic material requires the employment of tlie modulator 
described in the previous section. The general scheme for the broadcasting of a 
radio program may be outlined most conven¬ 
iently by means of a block diagram such as is 
presented in Fig. 50-9. The student should be¬ 
come familiar with block diagrams as they arc 
being increasingly employed to represent essen¬ 
tial steps or stages of a process or development 
without diverting the attention to subsidiary 
details. The first blocks of Fig. 50-9 have been 
explained in the two previous figures, and the 
tuned R-F power amplifier involves no new prin¬ 
ciple as it merely builds up the power and trans¬ 
mits the output to the tuned aerial as indicated. 

Much of the increased efficiency of modern broad¬ 
casting is due to the high degree of perfection 
attained in the keeping of the frequency constant 
through the use of oscillators controlled by quartz 
crystals. 

The critical dependence of the current on fre¬ 
quency in a circuit including R, L, and C, is shown in Fig. 50-10, whicli sliows 
a circuit diagram and the current-frequency curves for three different resist¬ 
ances, namely R, 2R, and 4R. The frequencies are indicated in percentage 
deviation from the resonance value. For example a 10 per cent discrepancy 



Frequency 

Fig. 50-10. The sharpness of 
resonance depends materially 
on the resistance of the circuit 
as indicated bv the resonance 
curves (Adapted) 
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cuts the response to about half value. The top, or sharp curve is favored by 
large inductance and small resistance, since for resonance conditions the sharp¬ 
ness of the peak will vary inversely as R. The importance is apparent of hav¬ 
ing the broadcasting station and also the receivers kept at a definite frequency 
if eflBcient operation is to be realized. A sharp curve indicates also high selec¬ 
tivity and makes possible a larger number of noninterfering transmission bands 
than was possible with the less perfectly controlled earlier stations. 

50.9. The Propagation of Electromagnetic Waves. In the chapters on 
electrostatics it was pointed out that lines of electric force extend, by accepted 



Fig. 50-11. The directions of the electric and the magnetic fields about an antenna 
when the antenna is (a) positive, (b) negative, (c) The form of the electromagnetic 
waves sent out by a vertical antenna (From Hausmann and Slack, Physics, D. Van 

Nostrand Co., Inc.) 

convention, from positive charges to negative charges of equivalent magnitude. 
Following any distribution of charge the lines of force quickly become fixed. 
But if the charges keep oscillating or moving in any manner their associated 
lines of force must move in a corresponding manner. The familiar antenna 
of a broadcasting station during any broadcast becomes alternatively positive 
or negative with the assigned frequency of its output. In Fig. 50-11 (a) is shown 
the field about an antenna when positively charged wdth respect to the ground. 
As the + charge moved up the mast a magnetic field about the mast in the 
counterclockwise direction, as viewed from above, was produced (check with 
right-hand rule). The lines of force are represented by arrow heads and arrow 
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tails in accordance with the conventional symbols to represent lines of force 
normal to the paper. The maximum magnetic field is associated with the most 
rapid movement of charge, the maximum electric field with the instant of 
greatest charge, just as the flow ceases, hence 90° out of phase with the mag¬ 
netic effect. The nature of the field a half-period later will be reversed in every 
feature, as shown in Fig. 50-11. In (c) is represented the advance of a scries 
of successive fields sent out from the antenna. The wave length is indicated 
but may be computed from the simple relation, A = c/n, where c is the velocity 
of electromagnetic waves, 3 X 10® m/sec, and n is the frequency in vibrations 
per second. The wave system thus originating travels normally to its wave 
front. That portion which travels obliquely upward is known as the sky-wave 
and that along the ground which is associated with charges in the ground as the 
ground wave. The portion following the ground will cause electrons to oscillate 
up and down in the earth, in grass, in human and other animal bodies, in struc¬ 
tures, in fact in all vertical conductors including the antennas of receiving sets. 
However, such action on conductors dissipates the energy of the ground-waves 
and they become attenuated so rapidly that they can operate only receivers 
within a hundred miles or so from the broadcasting station, the distance de¬ 
pending on the power and frequency of the station and on the nature of the 
terrain. 

The sky-wave does not suffer such losses, but after it has reached a height 
of 100 km or so it is reflected by the action of an ionized region, known as the 
ionosphere or Kennelly-Heaviside layer. In this layer the effective velocity is 
higher so that any advancing wave is thrown back in much the same manner 
that light waves are bent down in a mirage. Actually tlicre are two regions at 
night and three by day of maximum electron densities varying in height from 
100 to 300 km in a complicated manner. Throughout tlie region where these 
returning waves strike the earth reception will be satisfactory again, but this 
region is likely to be well beyond the limit of good reception from the ground 
or direct waves. This explains the well known and rather provoking skip- 
distance. The curvature of the earth, ordinarily negligible in its effect on the 
reception of the sky-wave, may have to be taken into consideration in the case 
of great skip distances or of repeated ^‘reflections,” as they are generally called. 
The effects of variations in the ionosphere, botli diurnal and seasonal, and with 
solar changes are highly complicated and generally unpredictable. It often 
occurs that the sky-waves and the residue of ground waves arc effective in 
the same region and interfere with each other. Wlienever this occurs the signals 
may be blanked out or reinforced, depending on tlicir phase relations. Also two 
sky-waves may interfere with each otlier and produce distortions. Automatic 
volume controls in receivers go far toward meeting the difficulty, but during 
minima of signal strength noise intensities may become comparable with tlie 
net signal strength and render tlie reception unsatisfactory. 

50.10. Reception by Loop Antennas. Each oscillation in the electric field 
is accompanied by one of corresponding intensity in the magnetic field per- 



566 


ELECTRON TUBES AND RADIO CIRCUITS 


pendicular in direction to the electric vector and to the direction of propagation. 
It follows that a loop of wire mounted in the plane of the sending antenna and 
the receiver will experience oscillations in the magnetic flux through its en¬ 
closed area. These will induce EMF’s proportional to their strengths, and the 
coils therefore may serve as receptors quite as suitably as the more familiar 
vertical antenna which intercepts and makes use of oscillations in the electric 
field. The magnitude of the effect must be proportional to the area bounded by 
the coil, to its number of turns, to the amplitude of the fluctuations in the 
magnetic field, to the frequency of the signals and, finally, to the cosine of the 
angle between the plane of the coil and the plane including the receiver and 
the antenna of the sending station. 

50.11. The Detection of Radio Waves. Even excellent physical reception 
of radio waves having frequencies of the order of millions of cycles per second 

would be of little value to a person whose upper 
limit of hearing is of the order of about 20,000. 
Some means must be provided for utilizing the 
envelope of the radio-frequency (R-F), modu¬ 
lated incoming waves represented diagramma- 
tically in Fig. 50-12. No loud speaker could re¬ 
spond to R-F even though it could follow the 
envelope of the modulated R-F signal were the 
pulses unidirectional. Therefore the detection of 
R-F signals must involve rectification. 

The earliest detectors in common use were 
crystals in contact with a conducting fine wire 
as such a combination offered less resistance to 



Fig. 50-12. Action of a triod 
detector. The essentials of 
a modern radio receiver 
(Adapted from various 
sources) 


the flow of electrons in one direction than in the 
other. But they offered too much resistance for 
even the useful direction, they were not subject 
to full control, and at best utilized only the energy 
of the incoming signal. The Fleming diode was 


much better in many respects, but it, too, provided no amplification. The inven¬ 
tion of the triode and its later modifications provided both detection and am¬ 
plification. The basic principle should be readily understood from a study of 
Fig. 50-12. Observe that the incoming signal causes a symmetrical oscillation 
of the grid voltage about the lower knee of the characteristic curve. This means 
not only that the plate response for the positive is far greater than for the nega¬ 
tive variations in the potential of the signal. This results directly in a virtual 
rectification and provides the needed amplification. However, since the oscilla¬ 
tions of the output do not correspond to the linear portion of the characteristic 
curve there is some distortion, which explains one advantage of the growing 
practice of using diode rectification plus separate amplification, either through 
the use of a dual-purpose tube or a follow-up separate amplifier. Whatever the 
means of detection it is obvious from Fig. 50-12 that a loud speaker would be 
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able to follow the audio-frequency of the envelope of the output of the detector 
even though each single wave in the envelope actually is made up of R-F pulses. 
Suppose, for example, a voice pitched at 500 vib/sec is being broadcast at 
600 kc. Obviously there will be 600,000/500 = 1200 pulses of the carrier wave 
to a single sound vibration. For practical purposes then the envelope may be 
considered smooth. 

50.12. The Reception of Radio Waves. Whether the incoming waves are 
received by the vertical antenna or by a loop antenna has little bearing on the 
principles of radio reception. To make plain the purpose of the different elements 
of a complete receiver the block diagram of a superheterodyne receiver is 
shown in Fig. 50-13. By means of this the basic principles of this type will be 
briefly explained. 

The earlier receiver depended primarily on the amplification through suc¬ 
cessive stages of the original signals at their own frequencies. This meant that 
the tuning had to be extremely precise 
throughout and that any inaccuracies in 
construction or variations in tubes seri¬ 
ously impaired the efficiency of the re¬ 
ceivers. The superheterodyne type, re¬ 
presented by the block diagram, largely 
avoids these difficulties and so greatly 
simplifies the construction that it has be¬ 
come the one almost universally used. Let 
it be assumed that the antenna is receiving 
a modulated R-F signal at 1200 kc and 
that this has been amplified and delivered 
to the first detector. In this the amplified 
signal is combined with that produced by 
a local oscillator which is adjustable with 
respect to both the frequency and the 
strength. Suppose the latter is adjusted to 
1656 kc. These two signals in combining 
produce a “beat tone” of 456 kc, known 
as an intermediate frequency, and this 
will carry the modulations present in the 
incoming signal. The resultant signal is 
then amplified and passed through the 
second detector. The audio-frequency output of this is then amplified as in¬ 
dicated and passed finally to the loud speaker. Now suppose a signal at 1100 kc 
is to be received. The operator merely has to set his local oscillator at 1556 kc 
to again produce a beat signal of 456. AVhatever the frequency of the incoming 
signal only the local oscillator has to be adjusted. Tliis means that all the rest 
of the receiver can be built to handle most efficiently a frequency of 456, and 
the necessity of obtaining such precision throughout the receiver for all possible 
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Fig. 50-13. Block diagram of a super¬ 
heterodyne receiver (Adapted) 
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incoming frequencies is avoided. The great advantage of this with respect both 

to quality and to cost must be apparent. 

Another important advantage is the higher selectivity made possible by the 
superheterodyne principle. It is much easier to detect an error in tuning of, for 
example, 5 kc, on the background of the intermediate frequency, than to recog¬ 
nize the same error on the background of the much higher frequency of the in¬ 
coming signal as was necessary in the earlier types of receivers. Therefore the 
receiver proper can be made to reject even closely adjacent signals since it was 
built to respond to but the one frequency. Further simplifications have resulted 

from the development of dual-purpose tubes—for ex¬ 
ample the “mixer” tube—and from the arrangement of 
the capacitors for the radio-frequency amplifier and 
for the local oscillator on the same shaft. This has 
made possible the relatively small and inexpensive 
“mantel radios.” 

50.13. The Loud Speaker. The earlier loud speakers 
required a rather heavy direct current to supply the 
electromagnet then employed. With the development 
of new and relatively powerful permanent magnets the 
use of the electromagnets is in large measure being 
discontinued, at least in popular sizes of receivers. The 
general structure of the speakers is shown in Fig. 50-14. 
The current from the output of the power A-F am¬ 
plifier is passed through a thin, cylindrically wound 
coil mounted directly on a paper cone vibrator and 
within the gap of the magnet. The oscillatory currents 
cause oscillatory motions of the coil which are transmitted directly to the cone 
without the lost motion and distortion that characterized the earlier horns 
which used mechanical vibrators and links to operate a diaphragm. The cone is 
reasonably free from resonance effects and it reproduces with high fidelity. The 
pcrfoi-niance of the present-day loud speaker is so good that poor results are 
more often traceable to poor acoustical room conditions, to imperfect tuning, or 
to poor transmission and static interference, than to any fault of the loud 
speaker. 

Note: In addition to solving problems the student will be expected to study the 
radio circuits and to be able to explain them. 



Fig. 50-14. Essential 
parts of a loud speaker. 
The diaphragm coil is 
mounted in the gap 
where the magnetic field 
is the most intense 


Problems 

1. A student working with an amplifier tube found that he could obtain an 
of 1 2 ma in the plate current by increasing either the plate voltage from 90 to 1-0 
volts, or the grid voltage from -7 to -5.7 volts. Find the amplification factor, /t- 

(Ans. 23.1) +Lp 

2 If a certain triode offers an amplification factor of 18, find the increase m t 
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plate voltage which would have the same effect on the plate current as an increase of 
2 volts on the grid. Assume that all values concerned fall on the straight portion of 
the mutual characteristic curves. 

3. Assuming to be valid the simple relation; « — —calculate the inductance 

27r\/LC 

which when combined in series with a capacitance of 20 gives a frequency of 
1200 kc/sec. {Ans. 0.880 millihenry) 

4. A certain receiver circuit includes an inductance of 0.32 millihenry. What capaci¬ 
tance is required to bring in a station broadcasting on 1500 kc/sec? 

5. A radio frequency oscillator circuit includes an inductance of 0.30 millihenry 
and a capacitance of 144 fifiF. If a radio repairman substituted a capacitance of 
120 fifiF, to what value must the inductance be altered if the output frequency is to 
remain unchanged? (Suggestion: solve by the methods of proportion.) (Ahs. 0.30 
millihenry) 

6. What is the frequency of the oscillator described in Problem 5? 

7. A certain radio circuit includes in series a capacitance of 200 /i/iF, an inductance 
of 500 jLt henry, and a resistance of 4 ohms. Write an expression that would give the 
current which would flow when a potential of 3 volts at a frequency of n is applied to 
the terminals of the circuit. (Hint: The needed equation was developed in the pre¬ 
ceding chapter.) 

8. What is the resonance frequency of the circuit described in Problem 7? What 

current would flow if 7i were given this value? 

9. In general radio receivers are tuned by adjusting the capacitor only since the 
inductances cannot be altered readily. By what percentage must a capacitance be 
changed when the user shifts from a 600- to a 1200-kc station? (Solve by proportion.) 
(Ans. C 2 = Ci/4) 

10. A certain physician confines his radio-listening largely to three stations. If these 
broadcast at frequencies of GOO, 800, and 1200 kc, what are the wave lengths he uses? 

(See Section 24.1) i - u / 

11. A research physicist investigating the absorption of radiation of ultra high fre¬ 
quency in certain gases and vapors uses a wave length of 1.2 cm. To what frequency 
does this correspond? {Aus. 10,000 megacycles) 
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Electrons, Electron Beams 
and Their Uses 

51.1. Historical. The study of electrons and of electron beams actually grew 
out of the work carried out during the last half of the eighteenth century on 
electrical discharges in gases at low pressures (see Chapter 54). However, the 
various phenomena associated with such discharges were somewhat confusing 
and diverted attention from the electron beam itself, which is understandable 
since at the time the existence of electrons as such was not known. With the 
improvement in the quality of air pumps, the direct electronic effects began to 

receive attention and the nature of electrons 
to be studied. As early as 1869 Hittorf of 
Germany was able to make a vacuum so good 
that the electrons from the cathode of the tube 
were able to strike the glass walls of the tube 
and cause the glass to fluoresce, although the 
cause and the nature of the phenomenon was 
not understood at the time. It was he, and in¬ 
dependently Sir William Crookes of Oxford, 
who first proved that cathode rays (as electron 
beams were tlien called) travel in straight 
lines. The tube used by Crookes is shown in 
Fig. 51-1. With the Maltese Cross used as 
an object in the beam of the cathode rays in 
the vertical position, as shown, and using the 
polarity indicated, a distinct and sharp shadow is visible on the fluorescing end 
of the tube. This shadow does not show if the current through the tube is 
reversed. On the other hand, by simply tipping the tube until the object falls 
out of the cathode-ray beam and then restoring the discharge it is found that 
the area formerly occupied by the shadow is now brighter than the remaining 
field, which proves that there is a fatigue effect associated with the phenomenon 
of fluorescence. 

51.2. Magnetic and Other Properties of Cathode Rays. Some of the earlier 
investigators devised experiments to show that cathode rays have momentum 
just as might be expected of particles. Most of the experiments could be made 
to show the kinetic energy of the particles. For example, it was possible to 
concentrate by means of a concave cathode the rays on a spot on a metal sheet 
and to melt it. Even platinum with its high melting point could be brought to in- 

670 



Fio. 51-1. A Maltese cross erected 
in a stream of electrons coming 
from the cathode casts a sharp 
shadow on the end of the tube. 
The glass within the shadow does 

not fluoresce 
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candescence and melted. Most physical laboratories have one or more discharge 
tubes which provide convincing evidence, in the form of inadvertently melted 
electrodes, of the energy of a cathode ray beam. 

Strangely enough it was not until 1895 that Jean Perrin, of Paris, discovered 
that the cathode rays could be deflected by means of a transverse magnetic 
field. The tube shown in Fig. 51-2 is generally available for the demonstration 
of the effect. It contains a sheet of metal of the form shown in (b) and coated 
with a substance which fluoresces when bombarded by cathode rays. If a mag¬ 
netic field be applied in the manner shown the deflection of the cathode-ray 
beam, which hereafter will be called a 
stream of electrons, will be downward. 

It was this experiment in which both the 
direction of the field and that of the rays 
were known, that definitely established 
the fact that cathode rays are simply 
streams of negatively charged particles. 

The student should verify by means of 
the right-hand rule the fact that the 
stream would be deflected upward if the 
particles were positive. Incidentally it 
will be well to keep in mind the fact that 
the three right-hand rules are all valid for 
negative electron streams also, provided 
one uses the lejt hand in place of the right. It was found possible to deflect the 
stream of electrons also by means of a transverse electric field by simply hav¬ 
ing the stream pass between two parallel condenser plates maintained at poten¬ 
tials differing considerably. Here, again, the negative charge carried by the 
electrons was confirmed. 

The extreme minuteness of electrons and their ability to penetrate ordinary 
matter was demonstrated by Hertz and also by Lenard. The latter was able to 
bring a stream of electrons from a tube out through a thin aluminum window 
without affecting its ability to exclude gases from the tube, even without serious 
scattering of the particles. With means now available it is possible to project 
such beams several feet through air at normal pressures. Such beams are found 
to have an extremely caustic effect; they will cause hair to loosen and, if long 
continued, will cause “skin-burns.” It is now considered possible that the elec¬ 
tron beams of high energy which have recently become available may prove to 
be of use in cancer therapy. 

51.3. Magnetic and Electric Forces on a Single Electron. In Chapter 44 it 
was shown that the force on an electric current is given by the relation 
F = MIL sin 0/10, where F is in dynes, II is in oersteds, I is in amiieres, and L 
is in centimeters. Now I is simply a stream of free electrons moving through 
a conductor, since it is understood that in a conductor there are electrons free 
to move under the action of an electric field exerted along the conductor. It 




(b) Top view 

Fig. 51-2. A stream of electrons is de^ 
fleeted as shown by a transverse mag' 

netic field 
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does not mean that all the electrons within the conductor participate. If the 
mean velocity of those which do participate in the flow is v centimeters per 
second and n is their number per centimeter length of the conductor, the total 
number passing any point in the conductor per second is nv and the charge 
carried, that is, the current is nev. Substituting this product for I, the force 
on the conductor is F = HevnL sin 0/10. But nL is the number of electrons in 
the length, L. Hence the force on a single moving electron is Hev sin 0/10 dynes. 
The charge, e, has the value of 1.6019 X 10~^® coulombs. In this formula 0 is 
the angle between the direction of motion and that of the magnetic field. If 
this were 30° the force would be only half that experienced by an electron 
moving normal to the same field with the same velocity. If either 0 or v is 
zero there is no force on the electron no matter how strong the magnetic field. 


Back 



Fig. 51-3. Historically interesting cathode-ray tube developed by Sir J. J. Thomson 

The direction of the force is normal to both v and H and is given by the motor 
rule. 

The electric field acts on the electron in a more direct manner. It exerts the 
same force whether the electron is stationary or in motion and acts in the di¬ 
rection of the electric force, not at right angles to it as in the case of magnetic 
fields. The usefulness of a number of special electron tubes of importance in 
the field of electronics depends on the simultaneous action of both electric and 
magnetic fields. It is important, therefore, to keep in mind the difference in the 
nature of the two kinds of fields and their effects. 

51.4. The Experiments of Sir J. J. Thomson on the Velocity of Electrons. 
The scientific world has justly given credit to Sir J. J. Thomson for the basic 
concepts and experimental research work which has made it possible to study 
the electron as such, rather than as a mere component of an electric current. 
He devised, in 1897, a method of determining the actual velocity of electrons 
moving in a known electric field and also the ratio of their charge to their 
mass. The type of discharge tube employed by him in making these determina¬ 
tions is shown in Fig. 51-3. Electrons from the cathode, C, are limited to a fine 
pencil by means of the plates making up the anode, *4. The high potential main¬ 
tained between C and .4 gives the electrons a high velocity down the axis and 
causes them to strike the end of the tube at 0. As the end of the tube is covered 
with a fluorescent material the position of 0 is made visible. By establishing 
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an electric field between the plates, P, in the direction indicated—that is, with 
the upper plate negative—it is possible to deflect the stream of electrons down¬ 
ward due to the action of the field on the electrons while they are passing 
througii the space between the plates. With the field on, the stream will be 
caused to strike at some point such as N. When, by means of a pair of coils in 
the position indicated by circles, a magnetic field is set up within the space 
between the deflecting plates and the current passed through them as shown, 
the stream of electrons is deflected upward to some point such as ilf. It is pos¬ 
sible to adjust the electric and the magnetic fields to such values that the one 
force exactly counterbalances the other. Then the electrons will go to 0 as they 
did when no fields were applied. 

The force in dynes on an electron due to the electric field, E, can be computed 
directly by converting the charge in coulombs and the field in volts per centi¬ 
meter to electrostatic units. This force, therefore, is given by the relation: 



3 X 10® X c X 


A. 

300 


10V£? dynes 


The force exerted by the magnetic field on the electron was shown above to be 
given by the relation Fjf = //ei»/10, assuming 6 is 90®. When these forces are 
equal WeE = //cv/10 and v = 10*£^/// in centimeters per second. 

It has become the common practice to describe electrons not in terms of their 
velocity, but rather in “electron volts.” An electron falling through one volt 
will acquire a kinetic energy measured in joules by the simple product of its 
charge in coulombs x 1. This, multiplied by 10^, would give its energy in crg.'^. 
One electron volt {ev) then is equal in energy to 1.6019 X X 1 x 10^ = 
1.6019 X 10~^- ergs. In dealing with the modern high energy machines such as 
the cyclotron or the betatron, to be described later, one is more likely to use 
kilo-electron-volts {kev) or million-electron-volts {mev) or even billion-elec- 
tron-volts {bev). It will be seen later that even radiations, such as x-rays, are 
described in electron volts since the energy of a photon in such radiation is 
equivalent to that possessed by the electron which produced it. 

51.5. Thomson’s Determination of the Ratio e/m for Electrons. The 
method of measuring electronic velocities, described above, made an additional 
and very important step possible since the velocity that can be imparted to an 
electron must be related to its mass as well as to its charge and hence to the 
ratio between them. Using the same tube Sir J. J. Thomson added a stop as 
ingenious as it is simple—that of equating the magnetic force whicli causes 
the electron to move in a circular path, to the centrifugal force associated with 
its motion in a circle, as follows: 


Hev _ ^ _ IQt; 

10 ~ R m~ HR 


In this R is the radius in centimeters of the circular path followed by the elec¬ 
trons while passing through the magnetic field, H, whose value can be com¬ 
puted from the current and the constants of the deflecting coils. The value of 
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R may be determined readily from the deflection and from the geometry of the 
tube and of the field. The velocity, v, may be determined with the same tube 
by the method given in the previous section. The value accepted at the present 
time as correct for the ratio e/m is 1.7589 x 10® coulombs/gm. 

In recent years many different methods have been employed and a number 
of outstanding physicists have devoted a great deal of time to the determination 
of this ratio with high precision. The value of this ratio is involved in other 
fields, such as in atomic theory, x-rays, and particularly in spectroscopy, from 
which comes our most precise determinations of its value. Actually the values 
of neither v nor of e/m can be obtained from the simple considerations given 
above in the case of velocities approaching that of light, since at such high 
speeds the mass of a particle depends very materially on the ratio of its speed 
to that of light. 

51.6. Millikan’s Determination of the Electronic Charge by the Oil Drop 
Method. While the finding of a constant value for the ratio of e/m was sug¬ 
gestive of a definite electronic charge it did not rule out the possibility of both 
e and m varying in like manner. Faraday’s work on electrolysis was suggestive 
of the granular nature of electricity, but was not followed up even by himself. 
It was extremely important, therefore, that the value of the charge on the elec¬ 
tron should be determined, particularly if it could be proved that electrons are 
all of like magnitude. Early attempts to determine the value of e were indirect 
and involved many uncertainties. Moreover the methods did not deal with 
individual drops or electrons, hence the values obtained represented only mean 
values at best. 

The now famous oil-drop experiment carried out by Millikan made possible 
a precision determination of e and at the same time gave positive experimental 
proof that the charge on an electron is invariable. A brief discussion of his ex¬ 
periment should be of interest. The essential features of the apparatus are 
shown in Fig. 51-4(a). Any one run of the experiment would involve the fol¬ 
lowing steps: A cloud of oil droplets is formed in the upper chamber, C, by 
means of an atomizer. A very few of these in falling will pass through a pinhole, 
P, which is in the center of the upper one of two parallel circular disks, ar¬ 
ranged as shown. As these pass into the region immediately below P they enter 
the strong, concentrated beam of light directed by an arc-light-lens combina¬ 
tion through a cooling cell, D, and into the chamber. Even though too small 
to be seen as drops by the telemicroscope, represented in section by the dotted 
circles, in such a strong light they reflect a sufficient quantity to be seen as 
"specks” of light. In the eyepiece of the telemicroscope, shown in (b), are cross 
hairs whose distance apart represents a known di.stance at the position of the 
drop. Of the few drops likely to be seen at one time, the observer selects the one 
which appears to have the speed of fall found through experience to be satis¬ 
factory. The time required for the chosen drop to fall the distance between the 
cross hairs, /i, under gravity is found. As it reaches the lower hair a strong field 
with the upper plate made positive is then established between the plates by 
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means of a d-c source of high potential, represented by the battery, B, and con¬ 
nected through the switch, K. Since the minute droplets are generally given 
a small negative charge in the process by whicli they are formed, the strong 
field may be able not only to stop their fall but to cause them to rise against the 
force of gravity. The further procedure involves finding repeatedly the time re¬ 
quired for the drop to rise and checking the time of fall. During the trips up 
and down in the field the drop may pick up additional negative ions or even 
lose some of its own charge through the capture of positive ions. The probabil¬ 
ity of having this occur can be increased through ionizing the air by sending 
a beam of x-rays through the space between the plates occasionally. It is found 
that the change in the velocity upward goes by steps, whetlier increasing or 
decreasing, and any particular velocity is likely to be repeated several times 



(a) 

Fie. 51-4. Sfheinatir diiiKmin of Millikan’s famous oil-drop apparatus 
used in determining the charge on a single electron 


in a long run of observations. By means of theoretical consideration which 
cannot be included in this discussion, !Millikan was able to determine the charge 
which would account for a single step. His results indicated in a most con¬ 
vincing manner the fact that the change in charge always involves either the 
same minimum charge or some simple multiple of it. This could mean nothing 
more nor less than that all charges are made up of integral multiples of this 
elementary charge carried by the electron and that the electron is one of the 
fundamental building blocks in all atoms. There can be no e/2, 7e/'8 or 5e/3, 
and so on, charges. The Millikan experiment has been repeated by many well- 
known physicists and determinations have been made by other methods which 
have thoroughly substantiated Millikan’s conclusions. The electron theory of 
nuUter is now universally accepted and is important in all sciences. Tlie magni¬ 
tude of the electronic change is believed to be 4.802 X 10-^'* electrostatic unit.s, 
or 1.0019 X 10-^^ coulombs. The charge of the electron is, perhaps, the most 
important constant in nature and its precise determination will always be re¬ 
garded as one of tlic major accomplishments made by a physicist. 

51.7, The Mass of the Electron. Tiie exact determination of e and also 
of e/m made it possible for the first time to determine the mass of the electron 
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itself, since the ratio of the former to the latter gives the mass of the electron 
directlv. Thus 


e 

-T— — m ~ 

e,m 


1.6019 X 10-^^ 
1.7589 X 108 


= 9.1073 X 10-28 gm 


This mass is inconceivably small. (Try writing it out as a decimal.) It is ap¬ 
proximately 1/1843 of the weight of the lightest of all atoms—that of hydro¬ 
gen. The electron is so light that in dealing with atomic weights its weight can 
be considered negligible, in most cases. It was shown in Chapter 46 that Avo- 
gadro’s number can be obtained by dividing the Faraday, 96,500 coulombs, by 
the charge of the electron, 1.6019 X 10“^** coulombs. 

51.8. The Cathode-Ray Oscilloscope. The cathode-ray oscilloscope is es¬ 
sentially an outgrowth of the historically famous Thomson cathode-ray tube 
described above and shown in Fig. 51-3. It does not depend, however, on a trace 
of gas for its operation, as did the Thomson tube. Instead it uses a highly effi- 



Fig. 51-5. Schematic diagram showing the arrangement and the 
essential components of a modern cathode-ray oscillograph 


cient “electron gun” having the construction schematically represented in Fig. 
51-5, wliich provides not only a much finer and richer beam of electrons than 
Thomson had available but also one entirely unaffected by the residual gas, 
for the present tube is as completely evacuated as possible. The cathode, K, is 
generally of the indirectly heated type and the anode, A^-A^, is likely to be of 
the twin cylinder type, as shown, and not only gives the electron beam a high 
velocity forward but also, through the shape of the field, concentrates and di¬ 
rects the beam in a narrow pencil along the axis of the tube in much the same 
way that the condensing lens of a microscope or of a projection lantern con¬ 
centrates the light in a direction in which it is useful. While the principle of 
this lens action cannot be given in detail it is readily seen that as electrons enter 
the anode field in .4^ they will be pulled more effectively toward the axis in 
following the lines of force than they will be pulled away from the axis in A^ 
where the lines, spreading to a larger cylinder, are less concentrated and the 
electrons, now at higher speeds than before, are acted upon for a shorter period 
of time. The electrode, G, virtually a “grid,” is kept negative with respect to 
K, and not only controls the intensity of the electron beam but shapes the field 
between and K and, incidentally, aids in concentrating the stream of elec¬ 
trons on the axis. The potentials applied to K, G, A^, and A^ are all controllable 
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and in practice are so adjusted as to give the optimum fineness and intensity to 
the spot on the fluorescing screen, S, marking the point of impact of the beam 
on the screen. 

Between the anode assembly and the screen is a pair of horizontal plates by 
which a vertical field, F, can be applied, and also a pair of vertical plates by 
which a horizontal field, H, may be impressed on the beam. A pair of coils 
suitable for supplying a uniform magnetic field may be substituted for eitlicr 
pair of plates. When an alternating 
potential is applied to the V plates the 
spot on the screen moves up and down 
producing a vertical line on the screen 
with a length proportional to the po¬ 
tentials applied to the plates. Likewise 
an a-c potential applied to the H plates 
would produce a horizontal line on the 
screen. If applied to both a diagonal 
line having vertical and horizontal 
components equal to the vectors ob¬ 
tained singly is obtained. But if a 
pliase difference be introduced between 
the two applied potentials then the 
path becomes an ellipse which may 
fatten into a circle if the phase dif¬ 
ference is made 90® and the ampli¬ 
tudes equal. The oscilloscope makes 
possible a beautiful demonstration of 
the effects of adding capicitance or 
inductance or both to an a-c circuit, as 
discussed in Chapter 49. For most uses, 
however, the potential variations stud¬ 
ied, for that is what the oscilloscope is 
primarily designed to do, are not 60- 
cycle but are the much higher frequen¬ 
cies of the audio or the radio range, 
and the frequency applied to the H plates is unlikely to be the same as that ap¬ 
plied to the V plates. This means that the plates must be provided with a suit¬ 
able oscillator or amplifier with means of controlling the amplification, and also 
the frequency of at least the voltage of the H plates. A cut showing a typical 
complete oscilloscope is given in Fig. 51-6. Its numerous controls as well as the 
end of the oscilloscope tube are plainly shown. In general oscilloscopes incorpo¬ 
rate a generator to provide the H plates with a “saw-tooth” potential of the 
form shown in Fig. 51-7 (a) rather than the usual sine wave type, since the 
saw-tooth type has the advantage of providing a uniform sweep with time of 
the spot along the horizontal axis of the screen. The numbered points in (a) 



Fig. 51-6. External appearance of a mod¬ 
ern cathode-ray oscillograph. Note the 
multiplicity of controls and the cross-ruled 
transparent screen over the fluorescent 
screen (Courtesy of .\llen B. Dumont Lab¬ 
oratories, Inc.) 
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correspond respectively to those in (b). The potential variations to be studied 
are applied to the T’ plates after suitable amplification, and are shown in their 
true form as the spot is repeatedly swept horizontally. The period of the sweep 
circuit is so adjusted as to be commensurable with the period of the potential 
applied to the vertical plates, so that the curves of successive sweeps are super¬ 
imposed on the screen and appear in stationary form, as suggested in (b), 
since the persistence of vision bridges the time gap between successive sweeps. 

The wave so produced may be inspected 
visually or photographed, as may be 
desired. Tubes intended for visual ex¬ 
amination are provided with green-fluo¬ 
rescing coatings; those for photographic 
records, with the more actinically ac¬ 
tive, blue-fluorescing material. In deal¬ 
ing with potential variations of transient 
character such that sucessive sweeps 
would produce confusion rather than 
superposition, it is possible to arrange 
an opening and closing of the shutter 
at the beginning and at the end of a 
single sweep. Or a “scanning” arrange¬ 
ment may be used to drop the base line 
enough between sweeps to give a number 
of sweeps at different levels on the screen in succession, each lasting long enough 
for inspection before fading away. For such uses it is necessary to use a screen 
witli a long afterglow so that the eye will be given ample time for a good exam¬ 
ination of the curve. This feature is particularly useful in the clinic where the 
oscilloscope is coming into use as an electrocardiograph in the diagnoses of heart 
conditions. For such purposes it is important that a record also be made. This 
is accomplished by omitting the side sweep and, instead, employing a moving 
])hotographic film and slit combination. 

A valuable feature of the oscilloscope is the means provided by it for the 
measurement of short intervals of time, say of the order of microseconds. If 
a particular feature of a curve covers one-fortieth of one sweep when the period 
of the sweep circuit is 1.200 microseconds (^sec), its duration is 30 /isce or, if 
in a sweep there are 6 cycles of the potential being studied, the latter has a 
period of 200 ijsqc. The vertical scale may be calibrated by applying a series of 
known potentials and plotting a calibration curve which will be valid as long 
as the amplification factor remains unchanged. Or, in the case of photographic 
recording, the applied wave can be interrupted by a standard potential so that 
the film will carry its own calibration. For convenience in making quantitative 
studies oscillographs are generally supplied with transparent cross-niled scales 
which can be mounted in front of the screen. Thus the oscillograph has become 
a widely used voltmeter; it is the only one suitable for measuring transient 



(a) 

Fro. 51-7. The saw-tooth potential var¬ 
iation fa), of the sweep circuit makes 
possible the photographing of periodic 

potentials in (b) 
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phenomena and for studying their characteristics, A further advantage lies in 
the fact that the plates require no current. 

The features of the oscillograph mentioned in the preceding paragraphs make 
it exceedingly valuable in the medical sciences since the study of the potentials 
associated with nerve and muscle action can be studied in greater detail than 
was previously possible. For example, the use of the two-beam oscillograph, 
diagrammatically shown in Fig. 51-8, now available, makes it possible to corre¬ 
late by pairs the sounds made by the heart with the potentials, pressure, and 
so forth, produced simultaneously. 

Indeed many long-standing prob¬ 
lems in physiology have been suc¬ 
cessfully cleared up since the oscil¬ 
lograph came into use in that sci¬ 
ence. 

51.9. Radar. One of the most 
amazing developments of the last 
war was a combination of ultra- 
short wave transmitting and receiv¬ 
ing radio circuits which made it 
possible to detect the presence and 
direction of, as well as the distance 
to aircraft, ships, icebergs and other objects on land or sea and many 
miles away, whatever the atmospheric conditions. To designate this device 
briefly, the name radar was coined (RAdio Direction And Ranging). While 
radar scored many decisive military successes both in tlie air and on the sea 
during the war, its peacetime service is quite as outstanding. For example, it is 
now used to detect mountains, aircraft, ships, icebergs, shore lines, islands, and 
the like, whether at night or during daylight when visibility conditions are 
poor. It is especially useful in blind flying, for aircraft cannot slow up as can 
ships at sea when fog-bound. The number of collisions between ships, particu¬ 
larly in or near harbors, has been greatly reduced through the use of radar sets. 
In meteorology the approach of rain or snow storms can be followed and their 
velocity and coverage determined. 

The reader must be aware that in riding in a car he is able to “hear” posts, 
trees, building and various other objects along the roadside as he goes by them, 
even in darkness. The sounds originated by the car are reflected by such ob¬ 
jects back to the occupants of the car. Echoes are familiar to all and enable 
one to measure the distance to the reflecting object by measuring the time re¬ 
quired for a sharp signal to cover this distance twice. The matter of intensity 
is particularly important. Continuing the illustration, the headlights of the car 
may enable one to detect an object readily at a distance of 50 yd. The same 
object at 100 yd would receive about one-quarter of the illumination received 
at 50 yd, since the intensity varies inversely as the square of the distance, 
though much depends on the form of the beam and on road reflection. But the 



Fin. 51-S. Double-bc.am oscilIograi)h makes 
possililc the simultaneous observation of two 
events such as the pressure variation and the 

sound of a heart 
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eye of the driver would receive only one-quarter as much light from the ob¬ 
ject at 100 yd, even if it were at the same brightness as at 50 yd, for the same 
reason. Therefore the visibility of an object illuminated by the headlamps 
varies inversely as approximately the fourth power of its distance from the car. 
This explains the need of the very powerful lamps and the parabolic reflectors 
characteristic of modern Iieadlights. 

The analog>^ between these principles and those basic to radar is very close 
indeed. The transmitter sends out sharp bursts of radio waves of large power 
from the focus of a paraboloidal reflector serving as a directive antenna, search¬ 
light fashion, so that reliable information as to the direction of any body from 
which reflections are received will be obtained. Immediately after the sending 
of such a burst the same antenna with the same discrimination as to direction 



Fig. 51-0. Schematic block diagram of the principal components of a radar installation. 
In (a) is shown the sending and return “pips” from which the distance to the reflecting 

body can be determinetl 


serves as a receiver. For long distance detection it is essential that very high 
frequencies be employed (100 megacycles or more) since the higher the fre¬ 
quency the more nearly rectilinear is the propagation, and relatively small ob¬ 
jects, such as ships or planes, reflect short waves more effectively than the 
waves normally used in radio. Also there is a critical dependence of the dimen¬ 
sions of the antenna on the wave lengths employed and unless very short 
waves are used the antenna is too difficult to construct and to operate. 

The whole operation must be accurately controlled by a timer. The pulse sent 
out is indicated on the base line of an oscillograph at tlie instant it leaves and 
near the beginning of the horizontal sweep. It shows up as a large “pip” and, 
again, on its return, by a much smaller pip. Since the sweep and the timer are 
in synchronism the pips continue to be impressed at the same points on the 
sweep as long as the sending is continued and, if desired, may be photographed. 
Typical pips are shown in Fig. 51-9(a). Since the period of the sweep and the 
velocity of transmission are known the distance of the receiver from the re¬ 
flecting object may be directly determined. Suppose that a 10-cm base line on 
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the screen corresponds to a time of 500 /isce and that tlic initial and reflected 
pips arc 4 cm apart. This means iliat the sij^nal required 200 /xsec to make the 
return trip, or 100 /ascc for a one-way passage. It follows that the distance to 
the reflecting object is 100 X 10 X ISO,000 or IS.ti mi from the radar equip¬ 
ment. A block diagram is shown in Fig. 51-9(b). 

A very diflerent ty])e of indicator, known as a plan position indicator (FPT) 
makes use of a large cathode-ray oscillogra])h tube containing no deflecting 
plates but provided with a grid by which the intensity of the spot is k(‘i)t 
faint except when the latter is influenced by the return of a reflected pulse. 
The saw-tooth sweeii ojierates from the center out; hence variations in inten¬ 
sity, corresponding to the pips in Fig. 51-9(a), are made to aiipear along a 



Fig. 51-10. (a) Hadnr map of n harbor .showincr location^ of vessrh in harbor and of 
l)uildings on sliorc (('ourtesy of II. Ross J^niylh, National Uc>can'h (’oiincil (Canada )). 
(b) Radar map of a storm, >liowini: area of ])rceipitation. 15. -torm front; C, re- 
ccdini: tliunderstorm: 1), "round reflection from hills ((’ourtesy of .1 S. Marshall) 


radius of the fluorescent screen of the tub(‘. In the absence of plates the sweep 
is ('ffected by means of ina<:netic fields |)ro<luced by coils outside* the tube. Pro¬ 
visions are made to revolve* both the* ant(*nna and th(*>e coils simultaneously 
so that the radius showing the intensity pips rotates accordingly. Thus the in¬ 
dicator produces a sort of jiolar map on which re*flecting objects app(*ar at their 
|)ro])er eiistance ami in their true elirection no matter wh(*re‘ they are, as long as 
th{*y are within the range of the station. .\ typical polar map of a harbor i> 
shown in Fig. ol-lOl'a). \ polar ra«lar map of an approaching storm and of a 
receding thunder storm is shown in ib). The echoes are from raindrops or from 
snowflakes. 

51.10. The Electron Microscope. In the discussion of the optical comj>ound 
microscope it was shown that the limit of r(*solution was fixed by tlu* waV(* 
l(*ngth of tlu* light use<l and that a magnification of 2.000 X is about a^ high 
as can be reached for practical i)urpo>(*s. 'fhe de Broglie waves Ixe later), or 
"matter waves” which are associated with particles in g(*ne)al. have a w:ive 
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length given by the relation A = h/mv, where m is the mass in grams of a par¬ 
ticle having a velocity of v cin/sec and h is Planck's constant. For the case of 
the electron, m = 9.1072 X 10“-^gin and, if a velocity of 5.94 X 10^ cm/sec is 
assumed, A = 1.152 X 10“^cin or 1.152 A. The velocity of an electron, v, is re¬ 
lated to the voltage, V, through which the electron falls in acquiring its velocity, 
as shown by the energy equation i mv^ = Fe/300 (where m is the mass of the 
electron in grams, and e its charge in E.S.U.). This relation enables one to give 
the de Broglie equation the approximate simple form: A = \/T507V in Ang¬ 
strom units. For 1 volt the wave length is 12.3 A; but for the voltage commonly 
employed in electron microscopes, say 60 kv, the simple relation does not hold 
since, in line with relativistic theory, the mass of a particle increases rapidly 
as its velocity approaclics that of light. At 60 kv the velocity is such that the 
associated waves have a length of 0.0488 A, or about 1/100,000th that of visible 
light. Actually the high resolution suggested as possible by this short wave 
length is far from realized in practice, but it docs show that the limitations of 
the electron microscope will not be fixed by the wave lengths. 

Light waves go through glass lenses readily, but are practically unaffected 
by magnetic or electric fields. On the contrary electron streams are affected by 
such fields, but cannot pass through the lenses of glass; hence, any electron 
microscope must be built on principles very different from those having to do 
with the optical microscope. In describing the electron gun of the oscillograph 
tul)e the focusing property of electron fields was shown. It has been found that 
electrons originating at a certain point on the cathode arc brought again to a 
jioint at the screen of the oscilloscope tube. Therefore it should be possible to 
use two such ‘‘electrostatic lenses” in the manner that the objective and the 
ocular lenses arc employed in the optical compound microscope and, thereby, 
to obtain far greater resolution since the limitations fixed by the wave length 
are not involved. Such electron miscroscopes with electrostatic lenses have been 
constructed and are now in operation. They do give the greatly increased reso¬ 
lution anticipated. 

Actually it has been found that magnetic fields, which arc quite as effective 
as electric fields in their action on moving electrons, offer some practical ad¬ 
vantages as lenses over the electric lenses. Their action, however, is not as 
readily explained and will be discussed only briefly. Any component of an 
electron’s velocity that is parallel to the direction of a magnetic field is un¬ 
affected by it, while any component normal to the 11 lines causes the electron 
to follow a circular path and to return to its original line of flight from which 
it was diverted by the magnetic field. During its circular motion it also may 
move forward so that its path has a spiral form. It has been found that when 
the magnetic field is concentrated and given the form shown in Fig. 51-11 (a) 
the refraction of the electronic path is relatively sharp and the action of the 
lens on the paths is closely analogous to the action of a convex lens on light 
rays, as suggested in Fig. 51-11 (b). Even the formulas relating object- and 
image-distances, as well as image-object sizes, are similar. 
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The first magnetic-lens microscope was built in 1934 (Ruska) and produced 
magnifications of organic specimens up to 10,000 X. Within the next four 
years this was doubled and for the first time the various viruses became rec¬ 
ognizable in shape. The Radio Corporation of America successfully undertook 
the commercial development and production of electron microscopes. In Fig. 
51-12 is shown the very widely used model which is the larger of the two now 
available. Inside the main body of the case are mounted the large array of elec¬ 
tronic and pump equipment required for the operation of the instrument. The 


Object 



Fig. 51-11. (a) A con¬ 
centrated masiietie field 
has a converging-lens ac¬ 
tion on streams of elec¬ 
trons. (b) Similar action 
of an optical lens on 
light rays 



Fig. 51-12. Electron microscope (Courtesy 

RC.\) 


present arrangement of essential parts is shown in Fig. 51-13(a), their func¬ 
tions in (b) and their optical analogs in (c) which represents an optical micro¬ 
scope in an inverted position. It must be obvious that the larger the magnifica¬ 
tion the smaller tlie area of the object that can be examined and the more 
intense must be the radiation concentrated on the object by the condensing lens. 
In the electron microscope the objective provides a magnification of approxi¬ 
mately 100 X and the next lens 20 to 300 X, depending on the refiuirements, 
which means a maximum total magnification of about 30,000 X. This corre¬ 
sponds to an increase in area of nearly a billion times, hence only a mere 
“speck” of the object can be examined at a time. 

51.11. The Preparation of Specimens. It follows that the problc'ins of i)ro- 
viding adequate intensity on the object and of preparing .‘specimens thin enough 
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to allow the electron beam to pass through and yet not be disintegrated by the 
electronic bombardment, were very difficult ones; but they are being solved. 
Specimens for examination must not disintegrate in the high vacuum which 
must be maintained in order to prevent the scattering of the electrons. This 
means that they must be free from water or other volatile liquids. Biological 
materials, including bacteria, may be prepared on the usual slides, covered with 



pump 

Fig. fa) Arraniremcnt of magnetic lenses in an electron microscope, (b) Simpli¬ 

fied diagram of the elementary parts of an electron microscope, (c) Analogous parts 
of an optical microscope (Reproduced by permission from Introduction to Biophysics, 
by 0. Stuhlman, Jr., published by John Wiley & Sons, Inc., 1943) 

a film of collodion, then floated off onto the surface of water. Finally the film 
is caught on the wire supporting-screen and mounted in the microscope. Or, the 
film may be prepared and the solution containing the material to be examined 
allowed to evaporate on the film. Recently it has been found possible to grow 
some cultures directlv on the film. The surfaces of solids and of some bacteria, 
etc., may he studied by means of replicas. These are obtained by forming a 
thin ]dastic film over the surface to be studied. When this is removed and suit¬ 
ably mounted the nature of the original surface may be revealed by the micro¬ 
scope. An example is shown in Fig. 51-14(a) which reveals the niling made 
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by a diamond point in tlic production of an optical difYraction grating (see 
Chapter 3o) having 15,000 lines to the inch. Many metallurgical problems such 
as those having to do with the production of special steels or of alloj's have 
been successfully solved by using the rei>Iica teclmi(]ue, often following a suit¬ 
able etcliing of the surtaces. \\ hile the ordinary electron-micrograi)h shows only 
two dimensions the third dimension can be obtained, in eOect, either by the 
usual stereoscopic technique or by shadow-casting the specimen before using 
it as an object in the microscope. Tliis is carried out by mounting the specimen 
in a vacuum chamber with its plane obli(|ue to a line joining it with a concen¬ 
trated source of gold (or other) vapor. Generally a tungsten filament laden 


ru;. 51-1-1. (a) Idcciron iMicro':r:ij)h of an optic.-il tlilTraction irrating h.iviii': 15,()0() 
lines per inch, 'riu* .^plierical objeci' .are p.ariicles of pol\>f\ rene latex. ll») K. pro\vaz(‘ki 
(UrienI >trainl >ha<lo\veil by cliroHninn v.ipor <(\)urfe.-y of (.1. D. Scott, 

rnivei>ity of Toronto) 


with fiJigments of gold is used. Shadows cast by bacteria, crystals, etc., have 
lengths pro])ortion to the height of t!u‘ oiqeets, just tis Inive shadows cast b\ 
objects wh(‘n the sun is low in the sky. Klectron-micrographs of shadow-cast 
s])ecimens show an tnnazing “deptli” jind revcail many details of structure not 
otherwise' obtaimible. All manipidtitions of the specinu'n tind any other jidjust- 
ments required, can be carried out by ('xternal nu'ans. Hotli tiu' first and tlu 
s('cond stage imaae< c.an be mad(‘ visible by fluorescent sert'ens and viewei 
through windows. Such screcais may be renioverl convenientlv from tlu' patl 
of the el{'cfron> in order to expose th(' i)botoirrai)hic plat<*. 

51.12. Successes of the Electron Microscope. l)uri?ig the few vear' cl*cttoii 
microscopi's have been a\’;iilabK' a number of advance^ of Locat iiii)nc t anei 
ba\-e been achieved in many different lii-lds an<I scieiicr*.. Tho^e in bmlogv 
physics, clK'iuistry. and me(lieine are of particular human inteiC'i but e.in be 
nu'iitiotKal only briefly. Tlu' complicated 'tructur-- concci\-rd tiiroiuih indiri'ct 
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Fig. 51-15. (a) Light-micrograph of monohydratcd aluminum oxide 2250 X. (b) The 

same at ‘J4.UUU X (Courtesy of J. llillicr, HCA Laboratories) 



G 51-16. fa) Elcctron-microcraph of a micro-colony of E. Coh crown on the sup- 
irtinc mcmluane. 7600 X. fl.) A.Lon.tion and attack of T. hacterioidiagc on E. (-OU. 
ute form of jthaco ami the tran.-itarcnt di'ks of provioinlv lysed cells, io.OOO . . uj 
~ert sliows a single lysed cell, dO miimles after inoeiilation. 10,000 X (Courtesy o 

.r Ilillior 1^(\V Lahoratories) 
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evidence by the organic chemist have received direct support, as have many 
concepts of the physicist. The extension of the limit of resolution to 20 A or 
l/300th the wave length of visible light not only has enabled one to see large 
molecules individually, but in biology has made possible some study of genes 
within the chromosomes. The flagellae and many other structural features of 
bacteria are now made visible for the first time. One can follow through the 
processes of cell division in bacteria. The bacteriophages, spermatozoa-like 
organisms, not only have been seen for the first time but their destruction of 
bacteria has been observed. A number of viruses have been detected and their 
structures, previously deduced from indirect evidence, studied. For example, the 
famous tobacco virus is now known to be 3000 A long and 150 A in diameter; 
the influenza virus organisms are found to be spherical in form, with diameters 
of 500 A. Other viruses are now being studied. It has been repeatedly stated 
that the discovery and development of the electron microscope will have as pro¬ 
found an influence on many sciences and on medicine in particular as had the 
discovery of the optical microscope, more than two and a half centuries ago, 
which made possible for the first time the direct observation of cells, blood 
corpuscles, and so on. The optical microscope extended the limit of resolution 
of the eye from 350 lines to 113,000 lines per inch. Our new tool, tlie electron 
microscope, extends this to perhaps 12,000,000 and completes the bridging of 
the gap between the objects visible to the unaided eye and those of molecular 
dimensions. 

In Figs. 51-14, 51-15, and 51-16 arc shown a few electron-micrographs 
chosen to illustrate the wide range of usefulness of the instrument. 

Problems 

note: Care must be used to employ the proper units in dealing with an electric 
charge moving in a magnetic field. For example, in the relation: F = Hev sin i9/10, the 
value of e must be exi)rcssed in coulombs. Thus: e = 1.602 X 10"^® coulombs. H is in 
oersteds, and F is in dynes. 

1. Using the relation given above write out at least five simple laws, expressed a.s 
proportions, and derived in each case through allowing certain factors to remain con¬ 
stant. (For example, c,/C 2 = t'a/c,.) Explain why m does not appear in this formula. 

2. Suppose that a beta-ray source emits electrons in all directions from a point in 
a magnetic field. Compare the deflecting force exerted on an electron moving in a direc¬ 
tion normal to the magnetic field with that acting on an electron following a path 
making with the field an angle of (a) 60®, (b) 45®, (c) 50®, and (d) 10°, assuming 
the same speed for each case. What about the electrons moving directly with the field 
and tho.^e moving against the field? 

3. An alpha particle carries a positive charge equal in magnitude to that of two 
electrons. Suppose that such a particle moves west in a magnetic field having a south- 
to-north direction. Will it be deflected up, down, south, or north? Include a sketch. 
(Use the motor rule.) 

4. What would be the deflecting force on the alpha-particle of Problem 3 when its 
speed is 3 X 10* cm/sec, assuming a field strength of 10,000 oersteds? (’omp.ire this 
force with the force due to gravity assuming it has a mass of 6.65 x lO'-* gm. {Ans. 
9.6 X 10"* dynes. Force by magnetic field is 14.7 X 10'" times as gre.at) 
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5. Using the simple energy formula, E = \/2mv^ compute the kinetic energy in ergs 
of the alpha-particle of Problem 4. (Ans. 2.993 X 10“'^ ergs) 

6. Using the data of Problem 4 and the answer to the first part, and the formula 
for centripetal force {F = mv'/r), calculate the radius, r, of the circular path followed 
bv the particle. 

7. It has been shown that in a Thomson “e/m tube” the electron suffers no deflection 
if the following relation holds: v = 10® E/H cm/sec. In this E is the electric field in 
volts/cm and H is the magnetic field intensity in oersteds. Assuming that 450 volte 
applied to parallel plates 0.6 cm apart just balances the effect of a transverse magnetic 
field of 40 oersteds, find the speed of the electron. (Ans. 1.875 X 10® cm/sec) 

8. Review the development in this chapter of the relation: e/m — —. 

Taking the value of e/m to be 1.76 X 10® coulombs/gm find the magnetic field strength 
that would cause an electron having a velocity of 2 X 10® cm/sec to follow a circular 
path having a radius of 8 cm. 

9. Using the values given in the table in the Appendix for the mass of the electron 
and for the ratio of the mass of the proton to that of the electron compute the mass 

in grams of the proton. (Ans. 1.67 X 10"^^ gm) 

10. Suppose the 10-cm base line of a radar tube represents 500 fi sec. How distant 

is a storm which produces an echo “pip” 6 cm from the initial pip? 

11. What is the maximum range of the radar tube as adjusted and described in 
Problem 10? How far from the initial pip on this base line would appear a pip due 
to a ship 37.2 mi distant from the radar station? (Ans. 46.5 mi; 8 cm) 

12. In a Millikan oil-drop experiment it was found that 1500 volts on plates 0.6 cm 
apart just balances an oil drop carrying 6 electrons of charge. Find the mass of the 
oil drop. (Hint: Field X charge = mg.) 

13. Making use of Fig. 51-14(a), determine by careful measurements the approxi¬ 
mate ratio of the width of the undisturbed surface to the width of the scratch on the 
diffraction grating shown. Likewise determine the approximate diameter in inches of 
the spherical particles shown. These particles have been proposed as standards of 


14. Show that the velocity acquired by an electron fallin^through a potential differ¬ 
ence of V volts is given bv the relation: v = 5.93 X 10^\/F cm/sec. Find the velocity 
of an electron for a case in which V-A volts. Express your result in miles per second. 

{Ans. 737 mi/sec) 
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The Photoelectric Effects with 
Applications 

For roughly a century physicists have been aware of the electromagnetic 
nature of light and, from the time of the experimental work of Hertz in the 
1 S80-90 decade, methods of producing radiations differing from those of light 
in only the wave length have been known. The work of Marconi and of many 
others in the next decade led to practical methods both'Vf producing and of 
receiving electromagnetic waves, or radio waves as they are now generally 
called. Such waves are extremely long compared to those of light, but in the 
same decade the work of Roentgen opened up a new range, the x-rays, which 
have waves very much shorter than those of light. Thus it is seen that the 
electromagnetic “spectrum” covers an extremely wide range of wave lengths; 
some of them would be measured conveniently in billionths of a centimeter, 
others in billions of centimeters. But they all have certain characteristics in 
common: they originate in energy changes of electrons, on absorption they 
change the energy state of electrons, and they all have a velocity of 3 X 10*® 
cm/sec; their cnergj' is propagated in packets or photons of^i^rgs eaclTT^d 
all exhibit such phenomena as interference, reflection, refraction, diffraction, 
etc. In short they are all electromagnetic, and it is to be expected that in any 
phenomenon in which electrons play a part electromagnatic waves of some fre- 
^cmency or other are likely to show an effect. 

52.l), Photo^eotrons. While electrons are frequently tagged with a name to 
"“STrggest their origin, it is not to be inferred that electrons differ in any respect 
from one another. As early as 1887 Hertz observed that ultraviolet light falling 
on the electrodes of a spark gap caused sparks to pass at a lower voltage or, for 
the same voltage, to jump greater gaps. Soon after it was found that negatively 
charged metal surfaces, at least in the case of certain metals, would lose their 
charge on exposure to ultraviolet light. An arrangement suitable for demonstrat¬ 
ing this effect is shown in Fig. 52-1. Z is a zinc plate polished on one side and 
mounted on an electroscope, E. UV is a source of ultraviolet radiation which is 
directed onto the plate by means of a mirror. When the electroscope is given 
a negative charge and the ultraviolet light is allowed to strike the plate, it 
loses its charge. If a plate of quartz or of other material transparent to such 
radiation is interposed at S the effect is still observable although the rate is 
reduced. The rate is lower also if the unpolished face of the zinc is employed. 
If, however, some substance which does not transmit ultraviolet radiation is 
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placed at S, there is no discharging effect. If the electroscope is given a strong 
positive charge there is no loss of charge, whatever the intensity of the radiation. 
Other metals show the same effect if the wave length of the incident radiation 
is short enough and a few metals, such as cesium, sodium, and potassium show 
this photoelectric emission of electrons even with radiation in the visible or 
near infrared region. All the observations reported in the preceding section can 
be explained on the basis of the electron theory of matter, coupled with the 
quantum theory of radiation. In the zinc plate (or any other plate) the electrons 
have energy but not enough to escape against the electrostatic forces from the 

surface of the metal, unless the metal is 
brought to such a high temperature that 
thermionic emission occurs. If, however, a 
photon having an energy of hv is captured 
by an electron, then the electron may have 
the requisite energy to escape. It is im¬ 
portant to note that the capture is by a 
single electron, not by the plate as a whole. 
It is quite unnecessary that the plate be hot. 
Suppose that the energy required by an elec¬ 
tron to escape from a certain metal is W. 
This energy, W, is known as the work func¬ 
tion of the metal and varies widely among 
the metals. If the frequency of the incident 
radiation is such that its photons have 
energies, hvj which are greater than TF, then 
electrons which capture photons may escape. When hv > TF the excess energy 
becomes the kinetic energy of tlie escaping electron and its velocity may be 
computed from the relation l/2mv^ = hv — TF. This is the famous Einstein 
photoelectric equation. But when hv < TT^ the electron is unable to escape and 
the instruments show no photoelectric emission. Metals for which TF is low 
(that is, metals which have a low work function such as sodium) may show 
a photoelectric effect, therefore, for radiation of lower frequency than would 
cause any emission from, say, copper which has a much higher work function. 
The lowest frequency for which emission from any surface can take place is 
known as the threshold frequency, vq, and is of special interest since hv^ = TT. 
This simple relation enables one to determine the work function of a surface 
from the measured values of vq. The work function for a tarnished surface of a 
metal is higher than for a surface of the pure metal. Indeed the photoelectric 
current is so critically dependent on the condition of the surface that commercial 
phototubes make use of metal films deposited under vacuum conditions and 
kept hermetically sealed. 

The failure of the positively charged plate to show any photoelectric emis¬ 
sion is due to the fact that any electron which acquires enough energy to escape 
is immediately drawn back by the field about the positive plate. Experimental 


Z 



Fig. 52-1. An arrangement for 
demonstrating the photoelectric ac¬ 
tion of ultraviolet light 
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studies of the positive potentials required to suppress photoelectric action have 
led to the strongest evidence we have of the correctness of tlie quantum theory 
and also to the numerical value of Planck’s constant, h, which is 6.624 X 
erg sec. The work of Millikan in this field was so important and of such preci¬ 
sion that he was awarded a Nobel prize in Physics. The potentials required to 
prevent the escape of electrons arc of the order of a few volts, say 2 to 6, and 
are small compared to the several hundred volts required to cause the typical 
deflections of the leaf of an electroscope. 

The threshold frequency does not depend on the intensity of light falling 
on the surface of the emitter, neither does the velocity of the electrons which 
escape. These basically important conclusions, experimentally established, may 
be deduced directly from Einstein’s equation; since W and v have nothing to 
do with the intensity of the incident radiation. However, the number of elec¬ 
trons emitted (that is, the photoelectronic current) does vary directly as the 
number of photons striking the surface; that is, as the intensity of the radia¬ 
tion. This fact makes it possible to use photoelectric cells as photometers and is 
the basis of their use in most of their practical applications. The photoelectric 
response to incident radiation is apparently instantaneous, as might be ex¬ 
pected on the quantum theory, but not on the wave theory of light since time 
would be required for the electron to intercept enough energy from the incident 
waves, considerable time in the case of very weak radiation. Both television 
and the reproduction of sound by sound tracks on films depend on the quickness 
of the photoelectric response. 

52.2. Photoelectric Cells and Their Applications. There arc three classes 
of cells in wide use which depend on the absorption of light for their action. 
The photoemission or phototube, frequently called photoelectric cell, de¬ 
pends for its usefulness on two electrodes, of which one emits electrons under 
the direct action of light of suitable frequency. On the other hand, photovoltaic 
cells are able to establish an electromotive force between their two terminals 
through the absorption of light, and photoconductive cells show large changes 
in resistance when absorl)ing light. 

The phototubes contain one electrode of some metal such as sodium, po¬ 
tassium, cesium, or some other metal of this type, or an alloy of these metals, 
since from only metals of tliis type is it found that light within the visible re¬ 
gion is able to cause photoemission. In many photocells this electrode is simply 
a coating on the inside of tlie bulb made by the vacuum distillation of the metal 
into the bulb. Such a bulb is shown in Fig. 52-2(a). In (b) is shown a bulb in 
which the active electrode is introduced as a plate. It has been found possible to 
produce bulbs of either type wliich have a sensitivity versus frequency curve 
which resembles that of the human eye. Tlie simple circuit of Fig. 52-2tb) 
illustrates one method of utilizing the photoelectric current which makes use of 
one stage of amplification. Light falling on the phototube, P, causes a photo¬ 
electric current to flow througli P, and tiiereby the negative charge on tlie grid 
of the triode escapes. This, in turn, allows a current to flow tlirough the plate 
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circuit and to operate the relay, M. This relay may be used to operate any type 
of circuit requiring control by light. For examples, the turning on of a light 
in a darkened room or the light of a flame might cause an alarm to sound, or 
failure of a light source might sound an alarm, in which arrangement the other 
terminal of the relay is employed. Similarly a lamp on one side of a passage 
way keeps the photo-cell relay on the opposite side closed except when the pas¬ 
sage of an object or person between the light and the cell interrupts the photo¬ 
electric current and rings a bell or operates a counter. 

Phototube cells find wide use in biology and in medicine in the measurement 
of either the intensity of the radiation in a particular region of the spectrum 
or the total radiation received over a period of time. For example, the current 
passing through a phototube having a molybdenum cathode whose threshold 



Fig. 52-2. (a) Photoelectric tube of simple type, (b) Circuit designed 

to control a relay by photoelectric action 

wave length is 3700 A, and having a pyrex bulb which has a lower limit of 
2900 A, will be in proportion to the radiation within these limits. Since this 
range is also the range of the spectrum corresponding to the absorption of 
vitamin A, it follows that the photoelectric current observed may be used as 
an indicator of the presence of this substance. Similarly, a photoUibe with a 
magnesium cathode and a corex D bulb will give a current proportional to the 
amount of radiation between 2700 and 3200 A, the region effective in producing 
erythema and in preventing rickets. A silver cathode in Corning 972 glass is 
useful in dealing with the 2500-2700 A range and may be employed in com¬ 
paring the effectiveness of germicidal lamps. In Chapter 38 reference was made 
to the Rentschler meter for measuring “doses” of ultraviolet radiation. Te 
principle may now be readily understood. The photoelectric current passed by 
a cell sensitive to only the region concerned is used to charge a condenser to a 
critical potential at which a discharge takes place and operates a counter. Thus 
the dose given is measured by the number of “clicks” and automatically elimi¬ 
nates any error due to unsteadiness in the output of the lamp. Similar integrat¬ 
ing meters are employed in x-ray therapy. u* i • i 

Photoelectric action on individual atoms, molecules, and hence on biological 

cells, is of great importance in many processes. The action on the crystals o 
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silver bromide in photographic films is a familiar example. Upon the absorption 
of a photon a molecule becomes activated or "excited.” In the process of devel¬ 
opment metallic silver is set free with a distribution over the film determined 
by the intensity variations in the incident light. Photons of high energy, such 
as those of x-rays or of ultraviolet light are likely to produce ionization, that 
is splitting up of molecules, while those of visible light in general merely excite 
the molecule. That is, A hv = A\ The excited particle may break up (/!' = 
Oi + Go) or it might cause photosynthesis {A' A B = AB). In some cases the 
excited state may be transferred to another molecule thus: A' + B = A -{- B'. 
The latter may then react on a still different molecule: B' C = BC. Some 
chains, thus photo-initiated, may run through several stages. The photo-action 
on the leaves, etc., of plants, on the skin of animals and in the eye, are exam¬ 
ples. In Chapter 34 the effect of light on the visual purple, or rhodopsin, and 
on the iodopsin was discussed. Such action is responsible for the stimulation 
of the optic nerve, and the flow of electrons toward the illuminated parts of the 
retina suggests the photoelectric nature of the process of seeing. The EMF 
developed is roughly proportional to the square of the intensity of the light. 
In general there is a direct proportionality between the number of quanta 
absorbed and the final photobiological result, which does not depend on the 
intensity of the light. This is called the law of reciprocity and may be expressed: 


Intensity X time to produce a given effect = a constant 

This law does not hold, however, in such processes as that of seeing, in which 
restorative measures are initiated by the action, except when the times arc all 
very small. 

52.3. Photoelectric Reproduction of Sound. Perhaps the most familiar use 
of the phototube has to do with the reproduction of sound by means of the 
"sound track” on movie films. The scheme for the recording of the sound is 
shown in purely diagrammatic form in Fig. 52-3ta) which shows an optical 
arrangement for photographically recording along one edge of the film inten¬ 
sity variations in light with time as the film moves along at uniform speed. 
Sounds striking the microphone modulate the current through it. This modu¬ 
lated current is led into the amplifier and in turn its output is conducted to a 
light valve, v, which admits light to the film in proportion to the instantaneous 
sound pressure of the original sound. Some light valves vary the width of a 
slit, others the length rather than the width of it, and still others combine the 
two plans. Examples of various types of sound tracks are shown in Fig. 52-3 (b). 
(See also Fig. 26-2fb).) The reproduction of the sound is accomplished by a 
scheme such as is suggested in Fig. 52-3(c). A concentrated light of sharp limi¬ 
tations fixed by a diaphragm, D, is focused on the sound track of the positive 
film. Parts corresponding to loud sounds will let light through with strong varia¬ 
tions and produce corresponding variations in the current in the phototube, P. 
Hence the current through P will have the same frequency and intensity varia¬ 
tions as were in the original sound. When this is given to the amplifier and its 
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output, in turn, to the loud speaker, LS, the original sound will be produced with 
close fidelity. Obviously as many positive copies of the original negative may 
be produced as may be required and on each will appear the sound track along 
with the pictures. 

52.4. Laboratory and Clinical Uses of Photoelectric Cells. By passing a 
spectrum plate between a slit and a photoelectric cell one may obtain varia- 



Fir,. 52-.3. fa) Pchomatic iliagram .'showing one method of recording sound on a film 
(Adapted), (b) An enlarged view of four examples of sound track (From White, Moaeni 
College Phifsics, I). Van Nostrand Co., Inc.), (c) Schematic diagram of one method 

of rej)roducing sound from a ‘‘sound track” (.-Vdapted) 


tions in current directly dependent on the density of the spectral lines passing 
the slit. The analogy to picking up tlie voice currents from the sound track on 
a film is very close. These variations may be recortled then automatically on 
a moving chart by means of a .suital>Ie recording galvanometer. Tlie curve thus 
obtained may be used for a detailed study which can he carried out with fai 
greater ease and confidence than would be possible with a direct study of the 
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cathode 
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plate. The uses of various colorimeters were outlined in Chapter 36. Those 
whicli make use of photoelectric cells are considered more reliable and they 
have greater sensitivity. Thus the photoelectric liemoglobinometer is more ac¬ 
curate and more rapid than the visual type. The rate of blood clotting may 
readily be studied by instruments including the photoelectric cell, and measure¬ 
ments of the peripheral flow of blood can be made by passing light through the 
fingers or toes and into a photoelectric cell. An estimation of the oxygen satura¬ 
tion of blood is frequently made by measuring the light which is transmitted 
through the lobe of the ear. It may be used also in the diagnosis of vascular 
diseases as well as in the measurement of the 
turbidity of body or other fluids. Photoelectric 
circuits are widely used also in making chemical 
analyses. 

52.5. Photo-Multiplier Tubes. The work func¬ 
tion of most metals lies below 6 electron volts, 
hence any electron emitted by photoelectric ac¬ 
tion from one plate, if allowed to rise through, 
say, 100 volts to another plate, should acquire 
enough encrg>^ to release a number of electrons 
from the second plate; but of those receiving the 
energy only a few, say 5, as a conservative esti¬ 
mate, will actually escape from the second plate. 

If these in turn arc driven against a third plate 
as many as 25 may be emitted. Similarly from 
the fourth plate, 125; from the fifth, 625; and 
from the sixth, 3125. It has been found possible 
to arrange a scries of plates in sucli a manner that 
the output of each falls largely on the next of 
the scries when provided witli a succession of 
higher voltages, beginning with say —750 volts 
and advancing in 100-volt stages to the collect¬ 
ing output-plate. The high amplification of current, so simply obtained, is of 
particular use in dealing with very faint liglit in whicli there are too few pho¬ 
tons to produce measurable currents in the usual type of phototube. One type 
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ecTor 


Fig. 52—4. Photo-multiplier 
tube (From White, Modern 
College Physics, D. Van No- 
strand Co., Inc.) 


of photo-multiplier tube is shown in Fig. 52^. 

52.6. Photovoltaic Cells. !Many different types of cells have been devised 
which depend on tlie energy received from the photons to establish an EMF 
within the cell and to make the cell tlicreby serve as its own battery. The 
barrier-type cell is tiie only type now of importance. The type shown in 
Fig. 52-5 includes a semitransparent metal film, MF, a semiconductor, SC, and 
a metal base, M. In one widely used type, »Sr is a thin layer of selenium and 
M is an iron plate. When the light jiassing through the film is absorbed in the 
selenium layer, electrons arc ejected but are caught in the overlying film, MF. 
On open circuit these would accumulate until a definite E]\IF is built up. By 
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connecting MF with M through an instrument or a relay a flow of current of 
useful magnitude may be obtained. Photovoltaic cells are widely used in foot- 
candle meters since the flow of electrons is proportional to the number of 
photons striking the selenium layer. In Fig. 52-6(a) are given curves showing 
the relation between the current obtainable at various intensities of illumina¬ 
tion for the external resistances indicated on the curves. In (b) are given curves 



SC 


Fig. 52-5. Barrier-type photovoltaic cell 


showing the spectral sensitivity of the Weston photonic cell when screened 
with a “viscor” filter and also of the eye. It is seen that the two sensitivities are 
almost identical. Photronic cells are widely used as exposure meters by both 
amateur and professional photographers since it takes the “guess’' out of the 
matter of proper exposure. Their indefinite life, freedom from any battery re- 




100 200 4000 X-*- 6000 A 

Illumination in 
foot candles 

(a) 


Fig. 52-6. Variation in photoelectric current with illumination for different external 
resistances in series with the photovoltaic cell, (b) Comparison of the spectral sensi¬ 
tivity of the eye with that of a Weston photronic cell (Adapted) 


4 

quirement, and reliability have led to a wide use of such cells in many in¬ 
dustries. 

52.7. Photoconductive Tubes. It must be realized that when photons are 
absorbed in a substance only a comparatively few of all the electrons disturbed 
are given velocities in a direction normal to the surface and are able to escape. 
The others increase the number of electrons available for conduction, either 
directly or otherwise. This is a matter of no importance in most conductors, but 
in the case of semiconductors the action of light may very greatly increase the 
conductivity of the material. In particular the resistance of selenium has been 
found to be greatly affected by illumination. To take advantage of this property 
the scheme generally followed is to form two interlocking grids or fingers of a 
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conductor on a glass plate. The grid is covered then with a film of selenium 
which is subjected to the heat treatment necessary to give the film that crystal¬ 
line state found to afford the maximum photosensitivity. Another type, found 
to have a wide range of sensitivity, uses a film of thallium sulfide. It is re¬ 
sponsive to even the infrared. The photoconductive plate may be enclosed in a 
bulb, and often is, or the film may be formed on the inner surface of the bulb 
itself. The selenium cell may have as much as 25 times the resistance in the 
dark as in the light. The resistance of thallium sulfide cells may change by a 
factor of 1000. While selenium cells respond throughout the range from 2000 
to 10,000 A they are most sensitive to the radiation in the red portion of the 
spectrum. 

The discussion of the striking photoemissive, photovoltaic, and photoeon- 
ductive effects as well as the heating effects of electromagnetic radiation should 
aid the studenr in the understanding of the well known and important action of 
such radiation on the human body and on biological material generally. All 
the effects noted in Chapter 38 due to the action of ultraviolet and infrared 
radiations must be based on one of the actions of electromagnetic radiations 
mentioned. Later it will be found that biological effects of x-rays and gamma 
rays grow out of one or more of the same actions. 

52.8. Television. A detailed discussion of the operation of a television trans¬ 
mitter and receiver cannot be attempted, but the general and basic principles 
have already been considered. Only their manner of application need be j)ointed 
out. Various systems have been developed, but whatever the system it is neces- 
sar>^ (a) that the scene to be transmitted be well illuminated and that an image 
of it be formed within the transmitter by a television camera: (b) that the 
complete image be scanned in the manner one scans a page when reading but 
with 15 or more (30 is widely used) complete “readings’' per second so that 
the normal persistence of vision of the eye will bridge the gaps between the 
successive scannings; (c) that the current output vary with the intensity of the 
illumination encountered by the scanning beam; (d) that the current output 
be amplified and transmitted in the usual manner; (e) that the modulated-by- 
light radio waves be received and converted into fluctuations of light in a re¬ 
ceiver; and (f) that these fluctuations in intensity of light be spread over a 
fluorescent screen by another scanning device in synchronism with the scanning 
in the transmitter, through the use of a suitable synchronizing generator. 

The general nature of the equipment required to meet the needs listed above 
is suggested in a purely diagrammatic manner by Fig. 52-7. The key item of 
the transmitter is the iconoscope; that of the receiver is the kinescope. Both 
are essentially cathode-ray oscilloscope tubes provided with not only a hori¬ 
zontal sawtooth sweep circuit but also a vertical sawtooth circuit of a very dif¬ 
ferent period. These provide the means of scanning the entire areas of the 
image on S and of the receiver screen, S', in synchronism. is a mosaic-like 
screen made up of a myriad of photosensitive particles which emit electrons in 
proportion to the intensity of the light striking them. Behind the thin mica sheet. 
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which supports tliem is a metal film on which charges will be held, capacitor¬ 
like, with a distribution over the area corresponding, likewise, to the distribu¬ 
tion of light on the photosensitive face. As the electron beam of the iconoscope 
scans over the area of the image the positive charges of the particles are neu¬ 
tralized and their matching charges on the metal film are released. These 
charges modulate the output of the transmitter in much the same manner as the 
microphone currents do in the broadcast of sound, except that the variations 



Fig. 52-7. Schematic diagram of an RC.-V televi:?ion system but with sound portions 

not shown (Courtesy of Radio Corporation of America) 


now have to do with liglit intensity rather than sound intensity and are called 
video signals. 

In the receiver the suitably amplified currents affect the briglitness of the 
spot on S', hence tlie liriglitness distribution on *S' will correspond exactly to 
that on S and the image thereby is reprotluced. Obviously the size of the image 
on S and that produced on S' bear no jiarticular relation to each other since the 
size on S' depends on the size of the kinescope employed. The principles are the 
same although the cost increases rapidly witli size. Receivers arc now available 
which are sufficiently strong to make possible the projection of their pictures 
onto screens of sufficient size to be seen by fairly large groups of people. 

The iconoscope is quite satisfactory where intense illumination is possible 
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and for the projection of films where the problem of light intensity is solved 
simply. But for the projection of large scenes, such as a baseball field, adequate 
illumination would be impossible. A new pick-up tube, known as tlie RCA 
Image Orthicon Tube has largely supplanted tlie iconoscope. A diagram show¬ 
ing its construction is given in Fig. 52-8. While a description of its operation 
cannot be included the basic principle rests on the return to the electron-gun 
assembly of any electrons not needed to neutralize the positive islets on the 
target screen which are produced as a result of photoclectrons from the trans¬ 
parent photoelectric surface. Hence the returns are related to the variations in 
the intensity of light over the photoelectric surface. The inclusion of electron 
multiplier plates makes possible tube output currents of adequate strength for 
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Fig. 52-8. RC.A. Image Orthicon tube (Adapted from material supplied by RCA) 


transmission circuit amplifiers even when only candle-light intensity is em¬ 
ployed. 

Photoelectric effects play a part in many experiments even when not accord¬ 
ing to plan. Many discordant and puzzling results owe their character to the 
emission of electrons from some electrode or photosensitive material within a 
bulb, chamber, or otiier electrical device. Photoelectric effects may easily mask 
some relatively weak effects which may be under investigation. 


Problems 

note: The numerical values of e, m, h and h/e are given in the Appendix. For the 
velocity of light, c use 3X 10‘® cm/sec. 1 Angstrom unit = 10'** cm, and 1 electron 
volt = 1.60 X 10"^“ ergs. The relation: c = v\, and Einstein’s equation: Ve = l/2mv- = 
hv — W will be found useful. 

1. Define each factor or term appearing in the above equations and name the units 
involved. Write a paragraph briefly explaining in your own words the meaning and 
application of Einstein’s equation. 

2. If radiation having a wave length of 6000 A is barely able to cause photoemi.ssi()n 
of electrons from a certain metal calculate the corre.sponding threshold frequency, 
Find also the value of the work function, IF, in ergs and in electron volts. 

3. Suppose radiation of 3000 .V were directed against the surface descri))ed in Prob¬ 
lem 2. What voltage would be reejuired to suppress photoemission of electrons? Explain 
how the result might be obtained also by direct reasoning. (Ans. 2.07 volts) 
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4. A useful numerical relation between volts and a corresponding value of the wave 
length, A, in Angstrom units may be obtained by expressing the energy of a photon 
in terms of electron volts. Since V volts is equivalent to F/300 statvolts it follows: 


re 

300 




X 


do cca> 


he _ 

10~®X(ln Angstrom units) 


ergs. Using the first and last expressions of 


energy show that Vx = 12420. 

5. The limits of the visible spectrum are generally taken to be 4000 and 7000 A. 
What is the maximum value, expressed in electron volts, that the work function of 
metal may have if it is to emit electrons for the longest visible rays? This value rules 
out most metals for use throughout the visible range. (Arw. 1.77 ev) 

6. Cesium has such a remarkably low work function, 1.36 ev, that it responds photo- 
electrically well into the infrared region. Find the threshold wave length, Aq for this 
metal. 

7. Using a constant deviation spectrometer a student was able to direct a mono¬ 
chromatic ray of radiation of 4000 A onto a sodium surface having a work function of 
1.82 ev. What voltage must be applied to the collector electrode to prevent any photo¬ 
electric current from flowing? (Ans. 1.285 volts) 

8. If the energy of a photon incident on a zinc plate exceeds the work function oi 
zinc by 2 ev what is the maximum velocity the emitted electron could have? 

9. Using the data of Problem 5 find the limiting values of the frequency, for the 
visible range. (Ans. 7.5 X 10'*; 4.29 X 10'*) 

10. Tungsten is found to have a very high work function. If the photoelectric 
threshold is at 2300 A find the value of W in electron volts, also in ergs. 
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53 

The Physical Aspects of Certain 
Bioelectrical Phenomena 

The modern texts in physiology, biochemistry, and on physical therapy give 
a great deal of attention to the electrical aspects of many of the subjects treated. 
The body is made up, of course, of cells and each cell contains ionized electro¬ 
lytes and is bathed in a buffered intercellular electrolytic fluid. The cell wall is 
semipermeable to certain ions or in some cases impermeable and forms with the 
conducting liquids inside and outside an electric capacitor having a capacitance 
of about one to two microfarads per square centimeter of membrane surface. 
If an electric field is applied to the human body by means of two electrodes, 
there will be a current through the body tissues between the two electrodes. 
The simple Ohm’s law holds only approximately since the conduction is electro¬ 
lytic in nature and many factors other than resistance enter into the picture. 
For example, the degree of ionization of the body fluids lying within the path 
of the current, the kind of tissue, and the distribution, size and direction of 
blood and lymph vessels all have an influence on the current that will flow in 
any particular case. The chief resistance is found in the cell membranes which 
normally have a resistance of the order of 1000 ohms/cm^. 

The current flowing between any electrodes placed at random on the body 
or in body cavities will follow many parallel paths but will tend to follow any 
blood vessels having direction components in the line of* flow. This is to be ex¬ 
pected since most other paths are likely to cross membranes having high re¬ 
sistance. The flow is so dependent on the volume of blood in the vessels that 
the measurement of the variations in resistance may be used as an index of 
blood volume in the tissue concerned. The resistance between the two hands is 
of the order of 1000 ohms; it is much lower for wet hands and far higher for 
abnormally dry skins. Broken skin within the area of an electrode greatly re¬ 
duces the resistance, and the resistance between needles inserted beneath the 
skin may be as low as a tenth of the normal resistance between surface elec¬ 
trodes in the same locations. In Chapter 46 attention was called to the electro¬ 
lytic introduction of medication through the skin. To the illustrations therein 
given may be added the introduction of alkaloids (including cocaine) into the 
tissues for the purpose of anesthesia, and the removal of uric acid from the 
body by means of electric currents. No unpleasant shocks are experienced if the 
currents are kept below, say, 2 milliamperes. Since body conduction is purely 
electrolytic in nature a direct current causes a migration of ions, and certain 
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cells such as nerve cells may be unable to survive the shock and still function 
properly if the current removes ions of an essential type faster than diffusion, 
circulation and other processes can restore them. Also the walls of some cells 
are more permeable than the membranes of others, hence suffer greater ionic 
disturbances. For example, a relatively small current may prove fatal if nerves 
controlling vital organs are affected even when there is no sign of physical 
damage; while currents heavy enough to burn the flesh off a portion of, say, the 
arm or leg may be taken without causing death. Much larger alternating 
currents can be tolerated than direct currents since there is negligible migration 
of ions from their parent cells in the case of alternating current, providing they 
are of sufficiently high frequency, 

53.1. Electrophoresis. If solid particles are in suspension in a liquid there is 
certain to be what is called a contact potential difference between the particle 
and the surrounding liquid and it will behave as an ion whether or not it 
initially had a charge. It may act as a negative or as a positive particle, de¬ 
pending on many factors. Both types are observed. Any electric field existing 
within the liquid will cause such particles to move in a direction appropriate 
to their charge with a velocity which depends on their effective charge, their 
size and on the viscosity of the liquid. This phenomenon or effect is known as 
electrophoresis. In all cases the velocity is low, being of the order of 10”^ 
cm/sec for a potential gradient of 1 volt/cm, which is only a tenth of that char¬ 
acteristic of small ions. 

If the charge carried by the particle is Q coulombs and the field is E volts/cm 
then the force is equal to EQ X 10^ dynes. But according to Stokes' law the 
force required to move a spherical particle of radius r in a liquid having a 
coefficient of viscosity of rj with a velocity of v cm/sec is given by the relation: 

F (in dynes) = 67rr}rv 

Therefore eO 

(jT-rirv = EQ X 10^ and v = r: -X 10^ 

birrjr 

This means that for a given field the velocity varies inversely as the linear 
dimensions of the particle but directly as its effective charge. Stokes’ law applies 
to spherical particles, but experiments show that it holds for small particles 
generally if they are surrounded by layers of polarized molecules. This means 
that if an electric field should be applied to a colloid sol containing a number of 
different kinds of particles, the particles in general will move with different 
speeds which, in some cases, are so different that effective separations may be 
brought about. The study of the electrophoretic mobilities of protein molecules, 
in particular, has yielded much information not othenvise obtainable. The 
study of the human blood has furnished much useful data pertaining to the 
nature of the protein constituents and has thrown light on the problems of 
immunization. 

53.2, Experimental Methods of Electrophoresis, fl) The microelectro- 
phoretic method is applicable to particles sufficiently large to be followed by 
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means of a microscope, provided they have a refractive index or a color suffi¬ 
ciently different from that of the suspension liquid to be visible, under appropri¬ 
ate illumination, in the microscope. The method is quite suitable for the study 
of blood cells, bacteria, and the like, as well as for the study of finely divided 
quartz and other mineral substances. Also it has many advantages including: 
directness of observation and simplicity of equipment, freedom from the effects 
of gross movements of other ions, and adaptability to very dilute concentrations 
of the particles investigated. Furthermore it yields information as to shapes, 
orientations, and sizes of particles, perhaps of two or more types simultaneously. 
Only minute quantities are required for study and the method may be applied to 
nonaqueous media. 

The essential apparatus includes a microscope provided with both dark and 
light field illumination and a micrometer eyepiece, an observation cell with 
end electrodes and with dimensions suitable for the liquid suspension to be 
studied, and means for filling and emptying the cell without disturbing the opti¬ 
cal arrangements. There must be available of course a suitable electric circuit 
and instruments. While a description of the various types of cells cannot be in¬ 
cluded, two quite different observations which have recently been made by 
the microelectrophoretic method may be of interest. It is found that normal 
red cells have a remarkably constant mobility regardless of sex and of race. 
Soaps impart mobilities to dirt particles that are directly proportional to the 
usefulness of the soaps as detergents. Information as to the nature of the sur¬ 
face membranes of micro-organisms can be obtained by this method. 

(2) The moving boundary method must be employed in the electrophoretic 
examination of submicroscopic particles, is preferred in many other cases, and 
is the only one that can yield information on the mobilities of different com¬ 
ponents in mixtures such as those of the different proteins in blood serum. This 
method depends on the relative displacements of particles in the legs of a 
U-tube containing the liquid in which the particles under study are in sus¬ 
pension. If an electric field is applied particles advance in a direction and with 
a velocity appropriate to the particle and its charge and, after a while, the 
displacement of the boundary of any distinctive species of particles may be 
detected by optical methods. A single observation should yield information as 
to the homogeneity of the particles in suspension and to the relative numbers 
and the mobilities of the different types present. It can deal with molecules of 
very high molecular weight whether or not any particles are microscopically 
visible, and may give information as to any interaction of one disperse com¬ 
ponent with another. 

Of the various types of tubes which have been designed for the employment 
of the methods of electrophoresis, the one most widely used as essentially an 
U-tube made up of sections. Each section has ground-glass flanged ends so 
constructed that it cun be given a lateral displacement. This effectually divides 
the tube into compartments and makes it possible to prevent any motion of 
ions until all adjustments are made, and also to isolate particular species of 
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ions for individual study or for repeated runs to attain higher degrees of refine¬ 
ment, a process analogous to redistillation. As it is virtually a race between 
ions it is not surprising that race-track techniques are employed. They are all 
started exactly simultaneously, likewise stopped. However, after a few trial 
runs the winners can with certainty be predicted, an important difference. In 
practice one allows the electrophoretic separation to continue until the par¬ 
ticular components under study are due to arrive in the section of the tube in 
which the analyses are made. The location and the concentration of each type 
of ion is then observed through the variations in the index of refraction of the 
liquid along the tube. 

In Fig. 53-1 is shown an electrophoretic pattern of the albumin, A, and the 
a-, p-, and y-globulins of normal human serum. These have velocities in the 

order named, that of albumin being the highest. From 
this pattern it is obvious that proper timing would 
make it possible to isolate for study any particular 
component. Indeed it is possible to recover chemically 
or physiologically active substances in a pure and 
native state which cannot be obtained by any other 
known procedure. Many of the hormones, enzymes, 
antibodies, etc., have been isolated by the methods of 
electrophoresis. As an illustration, the horse anti¬ 
pneumococcus serum antibody has a mobility quite 
distinct from the antibodies of the normal constituents 
of the serum. Also from crude pollen extracts it is 
possible to separate a clear, highly reactive allergen 
through the removal of the pigmented components. 
The methods of electrophoresis may be used also in 
diagnoses. For example, the albumin-globulin ratio 
of normal blood serum is higher than for pathological 
sera, with but few exceptions, and a mere glance 
at the curve obtained, such as shown in Fig. 53-1, may lead at once to a decision 
of importance. It is interesting to note that the y-globulin, shown in this figure, 
contains the antibodies caused by the reaction to the toxins of bacteria or to 
foreign proteins. In concentrated solutions y-globulin has been used with suc¬ 
cess in the treatment of measles. The applications of the methods of electro¬ 
phoresis to problems in other sciences and in industries, while important, cannot 
be included in this discussion. 

52.3. Bioelectric Potentials. Various potential differences are set up and are 
constantly present in the body independently of any which may be due to 
externally applied potentials. Anyone familiar with the methods used to build 
up electrostatic potentials in the physical laboratory will rule out such methods 
as being responsible for these differences in electrical potential. Conditions do 
not favor the building up of electrostatic charges, nor do the discharges of the 
body potentials resemble the quick discharges known in electrostatics. It is 



Fig. 53-1. Electropho¬ 
retic pattern of albumin 
and of the globulins of 
normal human serum. 
The fastest component, 
A. is albumin, followed 
in turn by the a-, p-, and 
y-globulins (Adapted 
from various sources) 
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known that a potential difference may result from bringing two solutions of a 
substance of different concentration together, but such potential differences are 
of temporary nature and in any case the conditions within the body are not 
conducive to the building up of concentration potentials. If, however, two 
adjacent fluids have different concentrations of, say ordinary salt, a widely 
dispersed body substance, the negative chlorine ions which have a higher rate 
of diffusion than the sodium will readily establish such a potential difference 
between the two fluids that the two rates of diffusion thereby are equalized. 
Such potentials are called contact or diffusion potentials. Also, potential 
differences could be set up if in the body there were tissues of semipermeable 
nature; that is, tissues which permit certain ions but not others to pass through. 



(b) 

Fig. 53-2. (a) An arrangement for observing the potential change associated with ac- 
tion potential. An impulise causes a dip in the deflection as indicated by (b) 

Every cell wall is such a membrane and there is a membrane potential con¬ 
stantly in existence between the inside and the outside of every normal cell. 
The wall of the cell is a constant potential surface even in the case of a long 
nerve cell or of a muscle cell. In one or two cases, having to do with giant cells, 
it has been found possible to detect directly the presence of this potential and 
to determine its magnitude; but cells in general arc too small for such a study. 
If one end of, say, a muscle is injured, virtual contact with the interior is 
obtained and a potential difference, known as injury or demarkation potential, 
of many millivolts may be observed between the injured end and any point on 
the outer surface, by using an arrangement such as that shown in Fig. 53-2(a). 
If the nerve receives an impulse there is a sudden change in the deflection, as 
shown in (b). The contrary potential change responsible for the deflecUon is 
known as the action potential and, since it shows but a single pulse, it is said 
to be monophasic. Now assume that the two electrodes are in contact with an 
uninjured normal muscle or a nerve, as shown in Fig. 53-3(a). No potential 
difference is indicated. But if an impulse passes along the nerve an action 
potential will be made evident the instant the impulse reaches the electrode. 
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A, as in (b), and again when it reaches B, but in the reverse direction as shown 
in (c). As the impulse passes on the deflection returns to zero, as in (d). 
Since this behavior indicates two pulses of current, as shown in (e), the move¬ 
ment is known as diphasic. Actually this bioelectric action is very rapid; as 
many as five hundred such actions may occur within one second in many nerves. 
53.4. The Relation of Action Potential to Polarization and Depolarization. 
In the previous section it was observed that there is a difference in electrical 
potential between the cytoplasm and the outer surface of a nerve fiber or a 
muscle cell; the outer surface is positive with respect to the cytoplasm. Since 
this potential difference disappears when the cell dies it is evident that this state 



Fic. 53-3. The potential curve of (e) shows that action potentials are registered by 
the instruments only when an impulse passes one of the electrodes, as at (b) and (c) 

(The deflections of (e) are directly under (b) and (c)) 


of polarization is dependent on vital processes and it seems that the cell must 
expend energy for its maintenance. The processes which are involved have not 
been clearly elucidated as yet but the difference in potential undoubtedly de¬ 
pends on the ability of the cell to maintain the semipermeability of its 
membrane. 

It appears that the stimulus, whatever the origin—chemical, mechanical, or 
electrical—disturbs this state of polarization and results in breaking down the 
potential difference between the outer and inner surfaces of the cell membrane. 
The potential of the area of stimulation drops toward that of the interior, and 
positive charges flow into this area in the manner indicated in Fig. 53-4. This 
in turn alters the state of polarization in the adjacent region in such a way that 
the area of stimulation is advanced and that passed over immediately under¬ 
goes restoration. Thus an impulse advances along the cell wdth a velocity which 
is dependent on the nerve, not at all on the nature of the original stimulus. For 
most nerves the velocity varies directly as the diameter of the nerve fiber. This 
might be expected since the periphery to be restored varies as only the first 
power while the supply of ions in a cross section varies as the second power of 
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the diameter, thereby affording the larger nerve fiber an advantage in the 
quickness of restoration and hence a higher velocity. In passing a section of the 
nerve which is under pressure or which is held at a low temperature the po¬ 
tential amplitude and the velocity of the impulse both change to lower values, 
only to resume normal magnitudes once the impediment is passed. Should the 
pressure or the temperature depression exceed certain limiting values, or should 
the nerve be surrounded by a substance in which the electrical process described 
cannot take place, then the impulse falls too low for self-propagation and no 
stimulus is received at points beyond. 

Thus one may readily explain the 
numbing actions of pressure, of re¬ 
frigerants, and of certain chemicals 
which are used as local anesthetics. 

It must be apparent that the advance 
of an impulse along a nerve fiber is 
in no sense a case of electrical con¬ 
duction, but rather the propagation 
of an electrolytic action. It is more 
like the advance of combustion along 
a powder fuse. The speed depends on the nature and physical condition of 
the fuse, not on what started it nor on what will happen at tlie end of the 
fuse. A still better analogy is offered by a row of dominoes standing on end and 
just close enough that when one falls over it causes the next to fall and so on 
to the end. These aspects of the analogy must be apparent: the initial impulse 
does not affect the velocity, but there must be at least a certain “threshold” 
value or there is no action; the velocity will depend on the row, the spacing, 
and kind of dominoes, and will not be the same for all rows; the action could 
be initiated at either end or at any point along the row and can be propagated in 
both directions from the point of initiation. This analogy should aid one in 
understanding the “all or none” principle which characterizes nerve action gen¬ 
erally and to which reference was made in connection with auditory and with 
visual sensations. In each case a threshold intensity was required and increased 
intensity merely multiplied the number of impulses per second, not affecting 
their amplitude at all. To complete the analogy there is required a means of 
restoring immediately the dominoes to the vertical position. (This problem is 
left to the student.) 

A veiy convenient means of stimulation is by the application of an electrode 
or a pair of electrodes consisting, for example, of two platinum wires, slightly 
separated and insulated from each other, and joined to a suitable source of PD. 
A single negative electrode will accomplish the same result assuming the posi¬ 
tive is connected elsewhere to the body, but a strongly positive electrode alone 
will not serve since it does not alter the polarization already present. Indeed, a 
sufficiently positive electrode can block the passage of an impulse originating 
elsewhere. A stimulus too weak to initiate an impulse alone may join with a 


+ + + + ++ + 


' +++++++++ 






+ + + + + + + + + + + + + + + 

Restored' ^ Impulse.-*:^ Normal 

region polarization 

Fig. 53-4. Directon of flow of charge in 
the region of an impulse traveling along 
a nerve in the direction indicated 
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second similarly weak stimulus to initiate an impulse if the second stimulus is 
applied soon enough after the first; that is, there appears to be a brief per¬ 
sistence of any stimulus, however weak. 

53.5. Electrocardiography. An electrical manifestation anticipates and ac¬ 
companies each muscular action, but that which accompanies the beating of the 
heart is relatively so large and of such importance that special instruments 
have been developed for securing graphical records of the changes in potential 
which accompany the action of the heart. Such records are called electrocardi¬ 
ograms and the instruments capable of producing them are electrocardi¬ 
ographs. The electrical changes produced are similar to those which would be 
set up by a pulsating dipole or battery buried in a conducting medium. The 
variations in potential are detectable throughout the entire body but the form 
of the curve obtained would depend on the points at which the electrodes sup¬ 
plying the potentials to the instruments are attached. Actually the arms and 

Arms 



Fic. 5.*3-5. (a) Single fiber electrometer widely used in electrocardiography, (b) Sche¬ 
matic diagram of an electrocardiograph using a loop-type oscillograph (Adapted) 

legs do not form a part of the electrical circuit about the heart, as they are 
practically equipotential bodies at the potential of their attachment to the 
trunk within which the currents, originating from the battery-action of the 
heart, flow. The positions of attachments of the electrodes have been standard¬ 
ized. These include the right and left arms, the left leg, and certain points on 
the chest. Lead I gives the potential between the two arms, II gives that be¬ 
tween the right arm and the left leg, and III the potential between the left arm 
and the left leg. Another lead is used to record the potential between any one 
of a series of standard points on the chest and one of the limbs. 

The earliest cardiograph to become widely used employed a mercury capillary 
electrometer, but this was too slow to give the detail required and early in the 
present century it was replaced by the string galvanometer. This instrument 
makes use of a single conducting fiber mounted in a strong magnetic field, as 
shown in Fig. 53-5(a). While its deflections could be observed by a microscope 
the general practice was to record the position of the shadow of the fiber on a 
moving photographic film. With the development of the electronic tube amplifier 
the Duddell oscillograph came into wide use and remains one of the widely 
used types of today. The general plan of the equipment is showm in Fig. 53-5 (b) • 
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A beam of light from a suitable source (not shown) is reflected by a mirror 
in proportion to the current through the single loop of the oscillograph. This 
current, in turn, is proportional to the potentials picked up by the leads in con¬ 
tact with the body. The reflected beam leaves its tracing on a moving photo¬ 
graphic film as in the case of the string galvanometer. Many of the electronic 
electrocardiographs of today are of the so-called “direct writer” type since the 
oscillograph has a stylus which records the potential changes on a moving strip 
of paper. Another type employs a cathode-ray oscillograph with photographic 
recording of the vertical deflections of the beam. (See Chapter 51.) It has 
several advantages among which are its unlimited quickness of response, its 
freedom from any natural or reso¬ 
nance period of its own; and the de¬ 
velopment of the two-beam type 
makes possible correlations between 
the electrical and sound effects, elec¬ 
trical and pressure effects, and so on. 

The curve of Fig. 53-6(a) may be 
taken as an electrocardiogram of a 
normal heart. After a relaxation period 
the auricles are stimulated by an im¬ 
pulse which originates in a small area 
in the auricular wall. The action cur¬ 
rent which is associated with this im¬ 
pulse is registered as the P curve 
(using the letters assigned in 1895 by 
Einthoven, inventor of the string gal¬ 
vanometer and pioneer in electrocardiography). The P wave is followed by the 
QRS complex which represents the spread of the impulse to the two ventricles 
and their excitation. Between S and T both ventricles are in an activated state. 
The T wave indicates the process of restitution or repolarization of the ven¬ 
tricles. No deflection is produced between T and P when the entire heart is 
relaxing. 

Since the electrocardiogram is a record of a series of complex electrical events, 
it may tell us nothing regarding the mechanical efficiency of the heart. However, 
it is a valuable aid since it reveals the time relations of certain electrical events. 
The electrocardiographer is interested not only in the amplitude of the various 
oscillations but in their duration. Thus a prolonged QRS complex indicates that 
conduction to the ventricles is dclaved. If conduction to one ventricle is 
blocked, the record assumes a characteristic form; and if conduction to both 
ventricles happens to be blocked, the QRST complex may be absent altogether. 
In (b), (c), and (d) are tracings of electrocardiograms showing abnormalities 
of various types—their number is legion. A variety of other abnormalities can be 
detected in a similar manner and treatment can be administered, if any is 
available for the condition revealed. Among these the following may serve as 



Fig. 53-6. (a) Electrocardiogram of a 
normal heart, (b), (c) and (d) Waves 
showing three types of abnormalities 
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examples: errors in rhythm, ventricular fibrillation, areas of dead muscle, in¬ 
dicated by a failure of an impulse to spread, and hypertrophy, indicated by an 
increase in the spread of the QRS wave since a greater mass of heart muscle 
must require a greater time for conduction. Also, a vector study of the ttiree 
standard traces can yield information as to the orientation of the electrical 
axis of the heart. 

53.6. Electroencephalography. The physical principles and the instruments 
of electroencephalography are essentially the same as those of electrocardiog¬ 
raphy. Indeed electrocardiograms may be taken by the standard electro¬ 
encephalograph. The potential waves associated with the brain and often re¬ 
ferred to as “brain waves’' have been known since about 1870, but they received 
no attention until early in the present century when Einthoven’s string gal¬ 
vanometer made detailed studies of the waves possible. Little progress was 
made, however, until the 1930-40 decade when the development of the radio and 
power tube amplifiers made it possible so to amplify the potential waves, 

(a) 

(b) 1 sec. 

Fig. 53-7. (a) Electroencephalograms, (a) normal, (b) epileptic seizure 

which are of the order of microvolts, that electrically-operated ink pens can 
produce curves of satisfactorily large amplitudes. While these can hardly record 
frequencies above 100 cycles/sec (limit, 200) with sufficient amplitude, fre¬ 
quencies of known importance are well below this value. Cathode-ray oscillo¬ 
graphs are not limited in frequency and are useful for special studies, but it is 
unlikely they will displace the pen-writing type since the latter type permit 
taking as many as six or eight “channels” simultaneously. This is important 
since it makes possible a correlation between the records for different leads. 
Also it facilitates the writing of observational notes on the record currently 
with its production. Current practice makes use of 17 electrodes affixed to the 
scalp according to a standardized scheme. The large number is required to 
localize definitely tumors or other abnormalities. Normal brain waves are of 
three different frequency ranges. The alpha waves have a frequency of about 
10 cycles/sec, beta waves run from about 15 to 60 cycles/sec. Very low fre¬ 
quency waves, say below 8 cycles/sec, are called delta waves. Brain lesions are 
indicated by the generation of still lower frequencies, say § to 2 cycles/sec. 
Among the dozen brain disorders listed for which encephalograms are of clinical 
use the following are the more familiar: epilepsy; brain tumor, trauma and 
hemorrhage; cerebral thrombosis; encephalitis and meningitis; and brain 
abscess. In Fig. 53-7 are shown electroencephalograms diagrammatically; that 
in (a) may be considered normal and (b) shows an epileptic seizure. Actually 
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encephalograms show about as much individuality as do faces. Nevertheless 
the brain specialist may detect normal and pathological cases quite as readily 
as the layman spots abnormalities in faces, 

53.?. Diathermy. The term diathermy is used to designate the practice of 
heating the tissues of the body by means of high frequency alternating currents. 
The body can tolerate only minute direct currents without permanent damage 
and the ordinary 60-cycle a-c power cannot be used since this frequency is in 
the range of the most stimulating frequencies experienced by the body, which 
could never withstand a current large enough to produce an appreciable heating 
effect. In 1890 d’Arsonval, a French professor at Paris, observed that there was 
no neuromuscular response when the frequency exceeded about 10 kc; and in 
May of the next year Nikola Tesla, a physicist of Austrian descent in the 
United States, developed the now famous Tesla coil and found that currents 
large enough to light an incandescent lamp could be carried by the human body 
without any observable effect except that of heating. These currents were a 
thousand times the maximum direct current that the body could tolerate. In 
view of the discussion of the mechanics of the propagation of impulses along 
nerves given above it must be obvious that stimuli of such high frequency could 
not produce impulses. Also, the effect with respect to electrolytic and electro¬ 


phoretic conduction would be nil. 

Earlier machines designed to furnish diathermy currents gave frequencies 
ranging from 50 to 100 kc/sec, but those now available, even of the old type, are 
likely to have an output ranging from 1 to 3 megacycles (Me)/sec. The use of 
such frequencies is known as conventional diathermy. The more recent ad¬ 
vances have centered about the development of circuits employing vacuum 
tubes and going to much higher frequencies, say 10 to 100 Mc/sec. The use of 
such frequencies is known as short-wave diathermy and involves a somewhat 
different technique from that used in conventional diathermy. A recent advance 
growing out of radar technique used in World AVar II has been called micro- 
wave diathermy and makes use of frequencies of 2400 to 2500 Mc/sec, roughly 
100 times the frequencies of short-wave therapy. Such radiation has a wave 

length of Xglofity of light ^ _ 3 X . 10"> _ ^ ,3 3 cm Waves in the ranges used 
^ 2,450 X 10« 2,450 X W ^ 


in broadcast, say 600 kc, have a length of = 50,000 cm. The step from 

6 X 10^ ’ 

microwaves to those of infrared light would be of the same order. Theory and 
all experimental evidence support the conclusion that the only effect in the body 
of the radiation, whatever the frequency, is to heat the tissues. In spite of claims 
to the contrary there appear to be no selective effects; that is, no organ responds 
to a particular range. The differences then have to do with practical matters 
such as their production and delivery to the tissues to be heated. AVhen it is re¬ 
called that infrared had no effect other than that of heating, one would hardly 
expect a still lower frequency, with a smaller hv, to have much effect as 
radiation. 
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53.8. Generators for Conventional Diathermy Currents. The principles 
underlying the operation of the circuit shown in Fig. 53-8 should be readily 
understood from the diagram itself. A foot-switch, FS, and the transformer 
selector switch, S^, regulate the application of power to the step-up transformer, 
Tj, which gives the condensers 120 groups of charges per second, as shown 
in (b). In each group no discharge takes place until the potential reaches the 
break-down value, indicated by 8, required to cause a spark to cross the series 
of gaps, SG. Each spark is followed by high-frequency, damped oscillations 
wdiich continue until the next spark, the process being repeated until the point 


Fig. 53-S. (a) Schematic circuit of a widely used diathermy machine. Note the multi¬ 
contact switch in the primary, also the one in the secondary circuit, (b) Curve show¬ 
ing the nature of the output of circuit given in (a) 



S' is reached where the potential is no longer high enough to cause sparking. 
Tlie spark frequency is highest in the middle of the group since less time is 
required to charge the condensers, but the high-frequency oscillations accom¬ 
panying the sparks have the same frequency throughout since it is fixed by 
the relation: _1 

" “ 2WlC 

A selector switch, Sg, enables one to change L and, therefore, the frequency. 
The inductance really serves as an air-auto-transformer. It has a selector 
switch, jSg, by which the potential delivered to the diathermy terminals, DT, 
can be altered to suit the requirements. L contains a Tesla coil having a large 
number of turns, used to produce corona discharges. Each diathermy equip¬ 
ment of this type is likely to be supplied with a variety of needles, plates, 
special electrodes adapted to various body cavities, as well as heavy cable pan¬ 
cake coils, etc., described in Chapter 47 and illustrated in Fig. 47-10. For gen¬ 
eral heating large electrodes or plates are employed; for local application one 
small electrode placed in the critical region and a large “dispersive” electrode 
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placed wherever convenient are employed. By reducing the smaller electrode 
to button dimensions the tissues can be coagulated; by making it a point and 
separating it a millimeter or so from the flesh one gets a spark discharge which 
rapidly cuts tissues. Desiccation of surfaces may be brought about by sparks 
which destroy cell structures. Electrosurgery is being increasingly practiced and 
has many advantages. The spark discharge seals capillaries and sterilizes as 
it cuts, thus prevents bleeding. The removal of brain tumors and other opera¬ 
tions which would be impossible by other methods may be carried out by elec- 
trosurgery. It is the preferred metliod for the removal of warts, moles, surface 
carcinomas, amputations of breast, etc., as it results in less scar tissue and 
fewer recurrences of malignant growths. 

For cutting operations undamped waves, 
produced by radio-tube rather than by 
spark gap generators, are more suitable. 

53.9 Short-Wave Therapy. Most of the 
later equipment makes use of the radio¬ 
tube, oscillator circuits as they give less 
trouble, operate quietly, require little at¬ 
tention, and are more dependable. A 
main advantage lies in their undamped 
output wave. Their circuit requires no 
description since oscillator circuits have 
been described in a previous cliapter. As 
their action on the body depends directly 
on an oscillating field no contact elec¬ 
trodes are employed. Tliis is really a 
great advantage since most of the in¬ 
juries and unpleasant experiences of pa¬ 
tients are associated with the contact 
electrodes and they offer an unpredictable 
variable. In short-wave tlierapy spacing- 
electrodes which mechanically keep the 
electrode a few centimeters from the 
body are employed in order to prevent 
excessive field localizations. One on 
either side of a shoulder will lead to the 
production of heat throughout the region 
between the two electrodes, even though 

fatty layers, membranes, or bones, which would interfere with currents be¬ 
tween electrodes, intervene. It is likely that much of the heat production in all 
forms of diathermy is due to the oscillations given polarized molecules or 
charged particles. The localization of heat production makes short-wave 
therapy of especial value in treating bruises, sprains, congestions of all sorts, 
neuritis, arthritis, and so on. It should not be used where hemorrhages are 



Fig. 53-9. The “Microtherm,” a gen¬ 
erator used in micro-wave therapy 
(Courtesy of Raytheon Manufactur- 

in<r Co.) 
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possible, on paralyzed areas which would be unable to sense excessive heating, 
or near metal bodies either inside or outside the body. 

53.10. Microwave Diathermy. Generators of microwaves for diathermy have 
just become available but all clinical experience to date and the basic prin¬ 
ciples involved, point to wide usefulness. The “Microtherm” shown in Fig. 
53-9 operates at 2450 Mc/sec or at a wave length approximately one-hundredth 
that of short-wave diathermy. Microwaves are thousands of times more highly 
absorbed than the waves in the short-wave therapy range and heat fatty and 
vascular tissues much more evenly. Their concentration and direction are, as 
in the case of radar waves, controlled by directors to which they are “guided” 



Fig. 53-10. Temperature effects of micro-wave radiation and increase in flow of blood 

(Courtesy of Raytheon Manufacturing Co.) 

rather than by plates, spacers, and the like, so that fewer mistakes of adjust¬ 
ment are probable. Since the patient is not a part of the electrical circuit, no 
adjustments of the generator are ever required. (The frequency is limited to the 
24- to 2500 Mc/sec range by governmental regulations at present, to prevent 
radio interference.) No arcs and burns from contact with the equipment can 
occur and the patient is always free to move away from the heat at pleasure. 
In Fig. 53-10 are shown curves indicating skin, subcutaneous tissue, and muscle 
temperatures before and also after a 20-minute exposure, together with a curve 
indicating the increase in flow in the femoral vein which resulted from the 
exposure. It is important to note that the skin remains at a lower temperature 
than the deeper tissues—a normal relation—so that there is little chance for 
skin burns. 

53.11. Electric Shock Therapy. For some years it has been known that 
artificial production of con\mlsions could be of great benefit in certain types of 
depressed mental states, particularly in most schizophrenics, and the depres¬ 
sive phase of the manic-depressive psychoses. The electrical production of these 
shocks has largely replaced the less controllable chemical methods such as m- 
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sulin shock and has the advantage of leading to no unfavorable after effects. 
A 60-cycle/sec 125-volt, precision-controlled power supply is employed. A cur¬ 
rent of from 0.3 to 1.2 amp is passed between electrodes placed on the temples 
for a fraction of a second. Patients lose consciousness immediately and undergo 
a typical epileptic fit. An adequate explanation for the beneficial effects of 
shock therapy has not been evolved as yet. 

In accidental electrical shock the chance of survival is good if only the 
breathing is affected, providing that artificial respiration is administered. But 
if the heart itself is so affected as to bring about fibrillation (that is, a quiver¬ 
ing which produces no effective pump action), then death will follow imme¬ 
diately. In legal execution the current is applied directly to the brain and it 
produces unconsciousness immediately. Death follows through damage to the 
brain. 


Problems 

1. In problems dealing wnth electrophoresis the basic relation is: v = EQ x lOVSTn^r. 
List the units for each of the symbols, v, E, Q, rj, and r. 

2. By what percentage could the velocity of a particle in an electrophoretic cell 
be increased by warming a solution from 15°C to 25®C if this would cause the viscosity 
to change from 0.012 to 0.0009 poise? If the original voltage on the cell was 80, to 
what value should it be changed to bring the velocity of the particle back to its original 
value? 

3. Assume that in the formation of aggregates of like particles each retains its initial 
volume and charge. How many particles would it require to form an aggregate having 
twice the radius of the individual particle? How would the velocity of the aggregate 
compare with that of the individual particle? {Ans. 8; 4 times greater) 

The answers to the preceding problems show the importance of physical conditions 
in electrophoretic processes. 

4. Assume a cylindrical cell 8 cm long is closed by a platinum plate at either end 
and that the two plates differ in potential by 120 volts. With what velocity will a 
spherical particle of radius 0.00002 cm move if it carries a charge of 50 e, and if the 
medium has a viscosity of 0.0096 poise? 

5. In conventional diathermy the frequency employed is of the order of 2 mega¬ 
cycles (Me), in short-wave treatments the frequency is likely to be 40 times as high, 
perhaps 80 Me, while in micro-wave diathermy the frequency of the “Microtherm" 
illustrated in Fig. 53-9 provides a frequency of 2450 Me. Find the wave length for 
each of these frequencies. {Ans. 150 m; 3.75 m; 0.1225 m) 

6. How far apart would the loops be in the last case in Problem 5 if a set of standing 
waves were set up by a reflecting plate? How would this affect the uniformity of heat¬ 
ing in the portion of the body being irradiated? 
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Electrical Discharges in Gases. 

Mass Spectrometry. 

The nature of discharges in gases depends on the pressure and on the kind 
of gases involved. The more familiar ones, such as lightning and the diminu¬ 
tive sparks observed to pass from our bodies to metal objects on winter days 
when the humidity is very low, take place at atmospheric pressures, as do also 
the coronas or brush discharges from fine wires or metal points. The aurora and 
discharges in partially evacuated tubes are very different in appearance. As far 
back as 1700 it was observed that a light glimmer could be produced in an 
evacuated glass globe when its surface was rubbed and thereby charged, using 
the methods of electrostatics. Geissler of Jena became famous for his glass 
blowing and for the rich variety of glass discharge tubes employing metal 
electrodes, which he made over a lengthy period beginning about 1850. Between 
his time and the close of the century Hittorf, Crookes, Goldstein and, lastly, 
J. J. Thomson, carried out an amazing number and variety of experiments on 
electrical discharges in gases. Thomson continued his work well through the 
first quarter of the present century and it is to him that we are most indebted 
for the wealth of information in this field. 

54.1. The Nature of Gaseous Conduction of Electricity. Suppose that two 
parallel plate electrodes are mounted as indicated in Fig. 54-1 (a) and a con¬ 
stant potential difference, V, is maintained between them. If nothing but 
neutral molecules are in the field between them no charge can move to either 
plate. If, however, due to high voltage radiations such as x-rays, molecules 
within the field should be broken into ions then there would immediately follow 
a drifting of the ions toward the plates of unlike sign. Under the influence of a 
weak electrical field some of the ions would recombine before they were collected 
on the plate. With an increased field the possibility of recombination would 
decrease and the current between the plates would increase to a maximum as 
shown in Fig. 54-l(b). With further increase in the voltage on the plates the 
current would remain substantially constant, and is known as the saturation 
current. If the plates were separated a greater distance the saturation current 
would be greater, not less as might be expected if only the matter of resistance 
were involved. Obviously a greater volume between the plates would include a 
greater number of ions, hence support a greater current. If the activity of the 
source of ionization, say x-rays, or gamma rays from a sealed capsule of radium, 
were increased, then the saturation current would be increased. This explains the 
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fact, used later, that the saturation current passed by an ionization chamber 
(that is, a chamber containing plates of the sort shown in (a)) may be taken as 
a measure of the intensity of the radiation responsible for the ionization. 

In case the potential should be so greatly increased that the ions should 
acquire sufficient energy between collisions with neutral molecules to produce 
new ions then there would follow a growth in the cascading flood of ions so 

rapid that a virtual breakdown in the resist¬ 
ance of the air path would occur and a glow 
discharge would take place. The sharp upturn 
of the curve beyond C represents such an oc¬ 
currence. Observe that there is a drop in volt¬ 
age as soon as a path of ionized gas is estab¬ 
lished, that is less voltage is required to 
maintain a discharge than to initiate it. Should 
the current rise to such values that the bom¬ 
bardment of the cathode, generally small in 
the case of radio tubes, by the positive ions 
raises its temperature to a level at which 
copious thermionic emission occurs, arcing is 
likely to result. This would cause the potential 
to drop to a relatively low voltage, as indicated 
by the curve at D. If this is allowed to occur 
in a radio tube it is likely to result in its in¬ 
stant destruction, unless external ^‘ballast” re¬ 
sistance is provided. 

While the glow discharge is less spectacular 
than cither the arc or the spark discharge it is of great practical importance. 
Its presence along an x-ray line, visible in the dark, reveals the danger points 
and, at the same time, is responsible for energy losses. This danger has been 
eliminated from modern x-ray plants through the use of smooth, large and 
rounded conductors and heavy insulation. In long-distance transmission lines 
corona or glow-discharge losses fix the upper practical voltage limit at which 
electric power can be transmitted. Corona discharges to the body are no longer 
considered to have any value in electrotherapy. 

54.2. Electric Sparks. While air at normal pressures offers almost perfect 
insulation, if two conductors are brought to within a few millimeters of each 
other an explosive, noisy discharge takes place when the potential difference 
between the two conductors is raised to the order of only a few thousand volts. 
No definite voltage, in general, can be stated since the electrical discharge 
depends on the chance presence or production of a few gaseous ions within the 
field, on the atmospheric jjrcssure, and on other factors. But the field must be 
so intense that ionization by collision can take place when a sufficient number 
of ions are present to initiate the discharge. It is probable that photoelectric 
action plays an important part in the process by facilitating the growth of the 


(±>- 



PotenHol- 

(b) 


Fig. 54-1. fa) Gaseous ions drift 
toward electrodes of unlike sign. 
(Id Variation in ionization cur¬ 
rent with electrode potential 
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spark. A large amount of energy is suddenly released in the discharge and 
the quick expansion of the gas causes the familiar “snap” of the spark. In the 
highly ionized path new combinations of molecules take place and if the spark 
passes through air the odor of ozone may be detected. If the spark occurs within 
a cylinder filled with an explosive mixture of gases, as in the car engine, enough 
energy may be released in the chemical union thus initiated to cause the whole 
body of gas to explode. This may be desirable in the case of an engine, but may 
bring disaster in a mine, in a flour mill, in a gasoline truck, or in an operating 
room in which an explosive air-ether mixture has accumulated. In the previous 
chapter it was found that a well-directed flow of sparks could be used to desic¬ 
cate the surface of an ulcer or even to serve as a cutting instrument in the hands 
of a surgeon because of its power to destroy cells. The sudden oscillation in 
potential accompanying spark discharges are used to induce high frequencies 
in the diathermy machines, and the ever-present chance of a discharge be¬ 
tween an electrode and the skin was a serious difficulty associated with the 
early practices of diathermy. 

The discharge in air between two spheres is frequently used as a check on 
the voltage provided by an x-ray circuit. They are carried by x-ray service men 
in making their visits to hospitals and in use are merely connected across the 
high-tension leads. The gap across which a spark discharge will pass between 
standard spheres gives a measure of the maximum potential supplied by the 
high-tension transformer. 

Lightning was discussed in Chapter 41 with respect to its behavior. The 
mechanics of the discharge may be more readily understood now on the basis 
of the gaseous conduction of electricity. Since it takes a field of approximately 
30,000 volts/cm to cause a breakdown in air under normal pressure the break¬ 
down over the mile-path of a lightning discharge should require a far greater 
potential difference than is believed to exist. Actually the discharge is likely 
to take place by the joining of randomly distributed ionized sections and does 
not have to be initiated along its entire path at the same instant. Here again 
the discharge, once started, causes a violent expansion within the path, with 
accompanying noise and chemical action. Both in sparks and in lightning more 
than one electron may be .stripped from an atom so that the spectra observed 
are likely to be quite different from the spectra obtained in the same gases at 
lower pressures. 

54.3. Aurora Borealis. In regions near to the earth’s magnetic poles beautiful 
displays of colors, largely electrical in origin, may be observed frequently. In 
the prairie provinces of western Canada they may be seen faintly perhaps one 
night in three and brilliant displays are reasonably frequent. They take the 
form of arcs, of rapidly shifting streamers, generally of greenish tinge but pinks 
and reds appear in strong displays, and huge curtains of color drawn slowly 
across the northern sky in weird and unpredictable manners. Simultaneous 
observations from the University of Saskatchewan in Saskatoon and a nearby 
station, and also at other pairs of stations (principally in Norway) have in- 
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dicated a great variety of heights varying from about sixty to several hundred 
miles. They are undoubtedly due to particles of various types and signs, shot 
out from the sun, particularly during solar disturbances. On striking the earth^s 
atmospliere they cause ionization throughout great depths of the rarefied air. 
The colors are soft and are due largely to oxygen and nitrogen. The showers 
of particles causing the streamers tend to follow in corkscrew fashion the lines 
of magnetic force leading to the magnetic poles, although the apparent con¬ 
vergence is due in part to perspective. Within these streamers the degree of 
ionization is very high. Magnetic storms (that is, erratic variations in the mag¬ 
netic field of the earth) and auroral displays usually follow closely on sunspot 
activity. 

The spectrum of the aurora in the visible region consists mainly of nitrogen 
bands, but includes three strong radiations due to atomic oxygen. The strong¬ 
est of these atomic radiations has a wave length of 5577 A and is responsible 
for the characteristic green color of the aurora. The yellow line of sodium is a 
feature of the spectrum, at least during the early part of a display, and there 
appears to be a resonance effect with solar ultraviolet radiation. During cer¬ 
tain displays atomic lines of hydrogen and of helium appear in the spectrum 
and it is likely that the solar particles which produce the aurora consist of 
these and of other atoms. The infrared spectrum has recently been studied at 
the University of Saskatchewan, and intense radiations due to atomic oxygen 
and atomic and molecular nitrogen have been found. 

54.4. Electrical Discharges in Gases at Low Pressures. Assume a long glass 
tube provided with electrodes and connected to a pumping system as shown 
diagrammatically in Fig. 54—2. The action of the pumps was described in 
Chapter 15 (which should be reviewed at this point). If the induction coil and 
the pumps are started and the tube is observed as exhaustion continues no sign 
of a discharge will appear until the pressure falls to a value of a few centimeters 
of mercury, when an occasional purplish streamer will dart down a sinuous 
path in a flickering manner from one electrode to the other. Next the streamer 
will become the size of a pencil and fairly steady. As the pressure continues to 
fall the glowing column will spread and fill the entire section and length of the 
tube. The glowing column will then start dividing into distinct regions. When 
the pressure is somewhat less than a millimeter of mercury the regions will have 
approximately the distribution and spacings shown in Fig. 54-2. These regions 
bear the names indicated, some of them suggesting early physicists who made 
important contributions to the study of gaseous discharges. 

The positive column is the source of most of the light emanating from the 
discharge tube. In this region the field is relatively weak and the energy given 
up per collision, if converted into radiation, has a photon energy value falling 
within the range of the visible spectrum. Neon and similar discharge tubes, 
used so widely for illuminating signs for the purposes of advertisement, and for 
direction signs, make practical use of the positive column and are run at such 
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pressure that practically the entire length of the tube is a positive column. Since 
they are run on a-c power the entire length glows. 

The Faraday and Crookes’ dark spaces are each regions in which any radia¬ 
tions produced do not fall within the visible range of frequencies. By far the 
greatest field intensity is in the Crookes’ dark space, because it is in this region 
that the positive ions are accelerated toward the cathode which they must strike 
with sufficient velocity to cause a copious emission of electrons. The continua- 



Fig. 54-2. An experimental arrangement for demonstrating the nature of electrical 

discharges in gases at low pressures 

tion of the discharge depends on this emission; hence the distribution of poten¬ 
tial along the tube automatically becomes such as to provide it. 

As the pressure is still further lowered the positive column shortens, fades, 
and finally disappears. The negative glow and the dark spaces all expand; 
finally the cathode glow, too, fades away and a new phenomenon appears. The 
glass, first about the cathode and then gradually along the tube, shows fluores¬ 
cence. As explained in previous chapters, this is due to the direct bombard¬ 
ment of the glass by the electrons emitted from the cathode. This will effec¬ 
tively release gases adsorbed on the walls of the tube, at least until they are 
depicted. But if a good diffusion pump is in use it should be possible to reduce 
the pressure so low that positive ions are not available in sufficient numbers to 
maintain the discharge and even this fluorescence disappears. 

54.5. Canal Rays. In 1886 Goldstein observed radiation streaming through a 
perforated cathode into the region behind the cathode, even when there was 
no electrode in that direction to pull them. The form of the tube used by Gold- 
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stein is shown in Fig. 54-3. Not knowing their nature Goldstein called them 
canal rays (Kanalstrahlen) in view of the fact they had passed through chan¬ 
nels (in the cathode). After the nature of the discharge became better known it 
was realized that they were simply streams of positive ions which happened to 
hit the open spaces in the cathode and go on through. Since these are thousands 
of times as heavy as the electrons, yet in the case of univalent ions carry no 
more charge, they require a much stronger magnetic field to produce observable 



Fig. 54-3. Type of tube used by Goldstein to 
show “canal” rays (positive rays) 


deflections in their path; hence their nature was not at first discovered. As will 
appear in later sections positive rays, the name now given to them, have been 
given intensive study by many in recent years and have important applications 
in many different fields. 

54.6. Gas-Filled Radio and Power Tubes. The presence of inert gases or of 
mercury vapor at a pressure of a few millimeters of mercury in a radio tube 
can greatly alter its characteristics if voltages greater than their ionization 
potentials are involved. Any positive ions produced between the plate and 
the cathode are drawn into the field about 



(a) 



the cathode and may have various effects. _ VWWWW 

For example, they may neutralize the space 
charge of electrons about the cathode, which 
ordinarily limits the plate current, and 
thereby enormously increase the current 
through the tube. The positive ions will 
bombard the cathode and may damage it 
unless an external resistance in series is 
included in the circuit. Also, the positive 
ions may form a “sheath” about the grid 
wires and thereby cause the grid to lose con¬ 
trol of the plate current, and the tube to 
operate less efficiently, unless the circuit is 
arranged to utilize the effect. Several prac¬ 
tical applications may be made of the in¬ 
crease in current. In a diode the positive ions will make possible large plate 
currents at plate voltages much lower than would otherwise be required for 
such currents. This makes it possible to use diodes as highly efficient rectifiers. 

Gas-filled diodes are widely used as stabilizers of voltage in circuits of vari¬ 
ous types. When the voltage rises higher than the critical value known as the 
firing voltage, a gaseous discharge through the tube occurs. The voltage across 
the tube is then maintained constant even though the current in the load 
.‘^hould vary widely. In the case of the more commonly used size this current 


Fig. 5^. (a) Gas-filled tube used 
as a “relaxation oscillator.” (b) 
Curve showing oscillations in po¬ 
tential produced by (a) 
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may fluctuate from about 5 to 35 milliamperes without the voltage across the 
tube varying as much as one volt. The gas-filled diode may serve also as a 
“relaxation oscillator” in a circuit like that shown in Fig. 54-4(a). When the 
potential on the capacitor has reached the firing voltage a discharge increases 
the IR drop in the resistor until the net potential on the tube falls to the 
extinction voltage. The potential on the tube then rises again and the process 
repeats itself in a cyclic manner, giving out a widely useful, saw-tooth oscilla¬ 
tion in potential as shown in curve (b). Since the applied voltage, R, and C can 
each be varied, the period of oscillation can be fixed at any value within wide 
limits. The Rentschler ultraviolet-light integrator mentioned in Chapters 38 
and 52 depends on such a tube, used in connection with a phototube. 

54.7. Gas-Filled Phototubes. Up to ten times as large a current can be ob¬ 
tained from a phototube containing gas as from a vacuum tube of the same di¬ 
mension and construction, provided the proper voltage is maintained on the 
plate. To secure the maximum gain the pressure should be in the neighborhood 
of 0.2 mm. The gas should be one which does not react with the electrodes nor 
become adsorbed on the electrodes or on the bulb. It should have a low ioniza¬ 
tion potential, and larger currents are carried if the gas is of low atomic weight. 
Various inert gases such as helium, argon, neon, and the like, have been used, 
but argon is the one commonly chosen. The action is quite simple: electrons 
emitted from the cathode will ionize the molecules by collisions if the plate 
voltage is such that the electrons acquire, on the average, ionizing velocities 
between collisions with the gas molecules. But the plate potential must not be 
too high as secondary emission may occur and the resulting excessive current 
may ruin the tube. To prevent this occurrence a resistance of the order of 10'* 
ohms must be kept in series with the tube. Among the disadvantages of the 
tube are the nonlinear response to the incident radiation, the lag in rising to 
the final value for any particular radiation, and the care that must be taken 
to see that a glow is not established and a current passed even in the absence 

of incident radiation. 

54.8. Gas-Filled Triodes—Thyratrons. The addition of a grid to a gaseous 
discharge tube greatly extends its usefulness, since it makes it possible to keep 
the plate potential above the firing voltage by using the grid to block any dis¬ 
charge until some pulse or signal received by the grid changes its potential and 
fires the tube. With such a tube a small charge applied to the grid may control 
a large amount of power. A hot-cathode tube in which the passage of an arc is 
controlled by a grid is known as a thyratron. The grid gives to the thyratron 
much the same advantage over the diode that it gives to the ordinary vacuum 
triode over the Fleming valve, or diode. In each case the output of the tube, 
whether large or small, is under the control of the grid; but in tlie thyratron 
the flood of gaseous ions makes possible currents of far greater magnitude than 
would be possible in a vacuum tube. For example, a relatively small thyratron 
controlling 2500 watts of power may be no larger than a high-vacuum triode 
able to control only 20 watts. Thyratrons controlling up to 150,000 watts are 
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now available. But thyratrons have one limitation not possessed by vacuum 
tubes. Between discharges the thyratron must have time for de-ionization to 
be effected. Thyratrons with very short de-ionization times, such as the 5C22 
hydrogen thyratron, have been constructed for special applications, as in radar 
and, more recently, in many industrial controls. These tubes recover in less than 
20 /tsec. 

Thyratrons may be used also as inverters; that is, as means of converting 
d-c into a-c power. Thyratrons are being used as controls in "flash” photog¬ 
raphy and make it even possible to “stop” projectiles, as well as high-speed 
machinery. They make possible also the stroboscopic observation of the move¬ 
ments of any parts of machinery in periodic motion, such as the rotating parts 
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Fig. 54^5. (a) Positive-ray tube used by J. J. Thomson, (b) End-view of screen of (a) 

of an engine. Causes of undesirable vibrations may be found and eliminated 
through their use. 

54.9. Positive Rays. While electrons are all the same, regardless of the 
source, Goldstein’s canal rays, mentioned in Section 54.5, generally include a 
large variety of particles. Since these are in reality streams of positively 
charged atoms and molecules there are likely to be present as many different 
kinds of positive rays or particles as there are molecules and possible fragments 
of molecules in the gas in which the ionization is produced. Sir J. J. Thomson 
was the first to achieve important results in their study. Thomson employed a 
tube very similar in principle and in form to that which he used in his de¬ 
termination of the value of e/m for electrons. It is shown diagrammatically m 
Fig. 54-5 (a) along with the appearance of the markings on the screen in (b). It 
can be shown that each species of particle should fall on a parabola passing 
through the point-of-no-deflection as an origin. The ordinates are associated 
with the magnetic fields, the abscissas with the electric fields employed. Any one 
exposure yields as many parabolas as there are kinds of positive ions present 
and the ordinate of the curve for any abscissa is inversely proportional to the 
square root of the mass of the ion. Thomson’s work gave first-hand evidence 
that all molecules of a kind have a particular mass and that the mass, as 
determined by the chemists, is not simply a mean value. This was an important 
principle to be established. Although methods are now available which yield 
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results of far higher precision he did establish many previously assumed facts, 
such as, that the hydrogen molecule has exactly two atoms, that molecular 
masses are definitely equal to the sum of the masses of the constituent atoms, 
and that such apparent molecular weights are not in any way influenced by the 
presence of other atoms. A single plate yields information as to the kinds of 
molecules present and even relative quantities are indicated by the densities of 
the parabolas. A typical plate is reproduced in Fig. 54-5(b). In 1912 Thomson 
found that for neon there were two parabolas, one for an atomic weight of 20 
and another but weaker one for 22, but none for 20.2, the known atomic weight. 
It was evident that the value 20.2 merely represented the mean value, taking 
relative abundance of the two kinds into consideration, of the two weights of 
neon atoms. Thus Thomson discovered that neon includes two isotopes, the 
name given by Soddy to atoms of different weight belonging to the same 
element. For the one isotope the mass number is said to be 20, for the other, 22. 
The mass number of an atom is equal to the sum of the numbers of protons 
and of neutrons in its nucleus, and is the integral number nearest to its atomic 
weight. (See also Chapter 55.) 

It was soon found that many other elements, as well, were mixtures of a 
number of isotopes. But the method of Thomson did not lend itself to high 
precision, and long exposures were needed to secure results. Aston developed a 
method which gave photographically spcctrum-Iike lines, or mass-spectro¬ 
grams, which made possible much higher precision than was possible with the 
Thomson apparatus. Further improvements by Aston, Dempster, Bainbridge, 
Nier, Thodc, and many others in both methods and techniques have resulted in 
such advances that it is now possible to detect the presence of an isotope con¬ 
stituting only one part in a hundred thousand. 

54.10. The Mass Spectrometer. Both electric fields and magnetic fields are 
employed in mass spectrometers to spread out the positive particles into a “spec¬ 
trum” based on their mass. A brief description of the one developed largely 
by Nier and improved by Thode will be given since it is particularly suitable 
for biological applications. The general plan of the apparatus is shown diagram- 
matically by a modified block scheme in Fig. 54-6. Briefly stated, positive ions 
are produced at the left end (as shown here), given high velocity, and directed 
into the spectrometer tube proper, which they follow even in the curved por¬ 
tion, due to the effect of the magnetic field in that region. At the far end of the 
tube the ions are collected and the rate at which charge is brought in by them 
is measured. 

For the successful operation of a mass spectrometer it is necessary that a 
very high vacuum be maintained, hence the pump system is kept constantly 
in operation while the trace of the gas to be examined is introduced. This gas 
is admitted through a fine capillary “leak.” L, into a chamber across wiiich a 
stream of electrons at ionizing velocity is maintained, as indicated i)y the dotted 
line and arrow. Any -t-ions formed arc puslied downward by a weak field 
applied between A and C, as shown. To assist in this, deflector plates (not 
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shown) served by B are provided. Those -fions which pass through the slit in 
C enter a field established by a potential difference of perhaps lOOOv between 
C and the plate, E. The latter provides the slit through which the ions enter 
the spectrometer tube proper. Two semicircular deflector plates, D, are arranged 
to guide the ions into the slit of E and thereby to secure the maximum ionic 
current possible. Obviously the -f ions entering the spectrometer tube will not 
all have the axial direction, hence there must be a focusing action if the ions 
entering through the slit in E are to be caught by the slit in the plate, F, at 
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Fk;. 54-6. Modified block diagram of a mass-spectrometer system (Adapted from 

various sources) 


the far end of the tube. The sector-form of the magnet provides this needed 
focusing action as may be seen from the diagram. In this three paths are drawn. 
The inner path will have a shorter portion in the magnetic field and will suffer 
less deviation than the median path. The outer with its longer section in the 
magnetic field will be bent more, and the three paths will converge at the slit 
in F as indicated, assuming that the magnetic field strength is suited to the 
velocity, charge, and the mass of the ions entering through E. It can be shown 
that the radius of the path through the magnetic field is given by the relation: 



where M and e arc the mass and charge of the +ion, I is the accelerating po¬ 
tential which gave to the ions their velocity, and H is the magnetic field in¬ 
tensity. Obviously V and H must at any one instant be the same for all particles 
entering the tube, hence only those particles having a particular ratio of M/e 





APPLICATIONS OF MASS SPECTROMETER 


627 


will be able to enter the exit slit and reach the Faraday collector, J. Suppose 
that, in line with the common procedure, H is given a definite value and V is 
varied from, say, 500 to 2000 volts. Each time that the V and H values are such 
that the M/e value of some particular ion in the stream satisfies the above rela¬ 
tion such ions will be collected at F. The magnitude of the charge delivered by 
them to the Faraday collector or “trap,” J, will be proportional to the abun¬ 
dance of the ion in the stream. During any test a large number of different ion- 
types will be collected as the adjustments of V, or perhaps of both V and H, 
are varied through wide limits, and the rates at which charges are received at 
F will give an accurate measure of the relative abundance of the corresponding 
atoms or molecules in the gas or vapor under test. In studies of relative abun¬ 
dances V is generally kept constant and the “scanning” is done by a varying 
magnetic field. 

The Faraday chamber delivers the charge collected to the grid of the elec¬ 
trometer tube as indicated, and this passes on the variations in potential to 
a suitable amplifier. This operates, in turn, some type of receiving or record¬ 
ing instrument, as indicated in a purely diagrammatic form in Fig. 54-6. Thus, 
the curve so obtained, or one drawn by plotting individual readings, gives a 
measure of the abundance of the particular particles being collected. Spectrom¬ 
eters of this type differ mainly in the automatic features provided and in the 
degree of precision in the controls of tlie electric and the magnetic fields. 

54.11. Applications of the Mass Spectrometer. Not many physical instru¬ 
ments have found applications in so many different sciences as has tlie mass 
spectrometer. The possibility it offers of separating isotopes makes it particu¬ 
larly useful in physics, chemistry, and l)iology. Of special national importance 
are the recent studies of the fission products of certain heavy atoms. Variations 
in isotopic abundances are of interest to geologists as well as to pliysicists and 
to chemists. The spectrum of ordinary xenon is shown in Fig. 54-7 (a) and that 
of fission-product xenon (see Chapter 63) in (b)). Note the sharpness of the 
lines and the exactness of the integral values as well as the symmetry of the 
peaks. Still finer slits would give sharper peaks, but for measuring relative 
abundances wider slits are used since relative abundances are determined with 
greater precision with blunt peaks. Observe that the isotopes at 124 an<l 126 
are present in such minute quantities that a scale of ordinates 30 times as great 
as that used for the other isotopes had to be employed to reveal them proi)erly. 


The fission-product xenon contains fewer isotopes, and even those common to 
the spectra (a) and (b) differ in their relative abundances. Determinations of 
relative abundances and masses have cleared up many uncertainties in chem¬ 
istry, particularly with respect to atomic weights. The analyses can be extended 
to include not only gases but also vapors of volatile liquids and even of solids 
vaporized in a furnace or from a coating on a filament. 

A complete analysis of air exhaled from the lungs can be made quickly and 
may reveal traces of substances which could not be detected by any otiu'r 
known method. A sensitive mass spectrometer might be able to study gases 
other than those exhaled from the lungs, such as those coming from the skin, 
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hair, excretions, and any associated with bacterial or fungous infections. It ap¬ 
pears probable that the mass spectrometer may play an increasing part in 
diagnoses. 

Studies in photosynthesis and also in metabolism have been greatly speeded 
up. Rates of absorption of nutrients in various tissues and many other biologi¬ 
cal studies can be made on a quantitative basis through the use of stable iso- 
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Fig. 54-7. ^lass spectrum of (a) ordinary xenon, and (b) fission-product xenon 

(Courtesy of H. G. Thode) 


topes and the mass spectrometer. The synthesis of compounds including isotopes 
can be followed. An impurity in oxygen can be detected even when present 
to the extent of only one part in a million. A very great advantage in making 
critical examinations is the fact that quantitative separations, so often impos¬ 
sible, do not have to be carried out before making quantitative examinations 
by means of the mass spectrometer. This is especially important in the study 
of biological materials. 

Problems 

1. Given the basic relation for the mass spectrometer, = 2MV/eH~ write as many 
simple proportions as you can, assuming in each case all factors except those include 

in your ratio are constant, for example F2/F1. • * I 

2. Using the relation of Problem 1 and given the fact that in a certain experimen a 

arrangement an accelerating potential of 505 volts brings into the Faraday 
sulfur dioxide of mass 66, what voltages would bring the other isotopic masses ot tin 
comi)ound, 64 and 65, into the collector, assuming the ions are singly charged? 
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3. If V is left unchanged, by what percentage would H have to be changed to bring 
in the sulfur dioxide ion of mass 66 into the slit, assuming V and H are initially set to 
bring in the isotopic ion 64? (Ams. 1.5 per cent) 

4. Normal carbon dioxide includes isotopic forms having mass numbers (see Chap¬ 
ter 55) of 46, 45, and 44. If for a given magnetic field a voltage of 533 brings into 
the collector the ion of mass number 45, what voltages would bring in the other two 
(assuming singly charged ions) ? 

5. Compare the magnetic fields of Problems 2 and 4 on the basis of the values of 
the respective MV products given in those problems, assuming the same spectrometer 
is used. (An^s. 1.18:1) 

6. What voltage on the spectrometer of Problem 4 would bring into the collector 
the ions of sulfur dioxide of mass 65 if the conditions of the discharge gave these ions 
a double charge? (A«s. 739 volts) 

7. On the basis of your knowledge of electromagnetic fields give at least one reason 
why the general practice in using mass spectrometers is to vary the electric field 
rather than the magnetic field. Give also some practical advantages of having to meas¬ 
ure voltages rather than magnetic fields. 

8. In a typical operation of the mass spectrograph, the gas being analyzed is admit¬ 
ted at the rate of 0.001 cm®, measvired under standard conditions, per minute, and 
the equilibrium pressure is maintained at 10"® mm. Find the number of molecules ad¬ 
mitted in each second and the number per cubic centimeter constantly present in the 
tube. The fact that the sharp peaks shown in Fig. 54-7 can be obtained in spite of 
the large number of molecules remaining in the space even at such a high vacuum 
offers convincing evidence of their extreme minuteness. Assume the number of mole¬ 
cules per cubic centimeter under standard conditions is 27 X 10^®. (A;is. 450 X 10^* 
molecules/sec; 3.55 molecules/cm®) 

9. Mass spectrograms, such as shown in Fig. 54-7, provide evidence that the “bricks” 
of atomic structures which are responsible for the variations in atomic mass among 
the isotopes of an element, are of equal mass. Explain. The sharpness of the peaks 
depends on various factors, particularly on the widths of slits. Compare the width 
of a typical peak in this spectrogram, measured at a level half its height, with the 
distance between peaks corresponding to isotopes differing by one neutron. See whether 
the latter are all equal. 

10. The four strongest peaks in a mass spectrogram of air containing the anesthetic 
gas nitrous oxide (NO*)®“ were at 44. 30, 28 and at 14. If the magnetic field was kept 
constant, what were the voltages required to bring the ions responsible for these peaks 
to the slit if that required for the 30-peak is taken as F;*? 

11. In a sample of exhaled air, the more pronounced peaks were at 44, 40, 32, 30, 29, 
28, 22, 20, 18, 17, 16, 14, and 12. (See Medical Physics Vol. 2, p. 852.) List the ions 
probably responsible for these peaks, keeping in mind the possibility of doubly 
charged ions. 

Example: (CO/*)“ gives a peak at 22. 

Suggested Readings 

Aston, F. W., Mass Spectra atid Isotopes (Edward Arnold and Company, London) 
Glasser, 0. (Editor), Medical Physics, / and II, 2nd ed. (Year Book Publishers, Inc., 
1950) 

Oldenbcrg, 0., Introduction to Atomic Physics (McGraw-Hill Book Co., Inc., 1949) 
Stranathan, J. D., The “Particles” of Modern Physics (The Blakiston Co., 1943) 

Uber, Fred, Biophysical Research Methods (Interscience Publishers, Inc., 1950) 
Scientific periodicals in Physics and Physical Chemistry under the names of Dempster, 
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Atomic Structure and Atomic Energy 


In previous chapters certain properties of atoms have been assumed in the 
discussion of such topics as spectroscopy and various aspects of electricity. In 
the chapters which follow an understanding of what is considered the basic 
structure of the atom will be needed even while considering further evidence in 
support of our present concept of the atom. The present chapter, therefore, is 
intended to fill in the sketches presented earlier and to provide a background 
for the more complete picture to follow. 

The earliest suggestions as to the existence of the atom came from the Greeks 
centuries before Christ, but they contributed no experimental evidence, nor 



did they have any clear concept of an atomic 
structure. Dalton, an English chemist, pub¬ 
lished in 1808 convincing experimental evi¬ 
dence in support of the atomic theory of 
matter. The work of J. J. Thomson on ions, 
electrons and positive rays, and so on, led him 
to believe the atom to be a solid positive 
sphere in which negative electrons were em- 
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Fig. 55-1. fn) Arrangement for 


bedded. This concept ran counter to so many 
facts that it never gained wide acceptance 
and has only historical interest. 

55.1. The Rutherford Experiments. The 
classical experiments by Rutherford and his 
associates, Geiger and Marsden, having to do 
with the scattering of alpha fa) particles by a 
gold foil, led to results quite incompatible 
with the Thomson atom. (For the present 


investigating the scjittering oi a- a-ray may he defined simply as the posi- 

])article& 1)\ a go! ‘ tivcly charged nucleus of a helium atom mov- 

tion of the atoms in a gold foil mg at high speed, reserving for later chapters 

on a stream of a-particles a discussion of its origin and properties.) The 

nature of the experiment may be understood 
readily from the diagram given in Fig. 55-1 (a), in which i? is a collimated 
source of a-rays which are limited to a narrow beam as shown. It was found 
that such a beam was able to pass through a thin foil without any visible 
effect on the foil. AVlien a-particIes strike a zinc sulfide screen, as shown 
at S, scintillations arc produced, one for each impact. These can be ob- 
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served by using a suitable microscope, M. It is found that most of tlie in¬ 
cident a-particles pass through the foil without deviation, that the number 
deflected through a particular angle decreases with the increasing angle, and 
that a few, about 1 in 20,000, are actually turned back in a direction making 
an angle greater than 90° with the original beam. The variation in the number 
of scintillations with the angle, <^, was such that the Thomson positive sphere 
atom was definitely ruled out. The results pointed to the conclusion that the 
atoms must resemble our solar system in structure. They must have a dense, 
heavily charged nucleus; but the volume assigned to each atom, in view of other 
physical considerations, must be mostly space, having electrons in it in much 
the same way the solar system has the planets in it. On this view the action of 
the foil on the stream of a-particles is as suggested by Fig. 55-1 (b). On the 
basis of such a concept and assuming the Coulomb law of repulsion between 
charged bodies, Rutherford calculated that the scattering should be directly 
proportional to the thickness of the foil, and to the square of the nuclear charge,, 
and inversely proportional as the fourth power of the velocity of the particles. 
Each of Rutherford’s theoretical predictions was verified by the experimental 
observations. 

55.2. Some Analogies. There is available considerable other evidence which 
supports the view that the atoms are mostly space. Lcnard previously had 
found that electrons could shoot through foils which were quite thick enough 
to turn back the molecules of air and maintain the vacuum in his discharge 
tube. It has been found possible to collect enough helium atoms of which the 
nuclei had passed through a thin-walled glass tube as a-particlcs, to make pos¬ 
sible its detection spectroscopically (sec Section 59.2). Hydrogen gas can pass 
through hot palladium walls of considerable thickness. Positive ions, given 
high velocities in the modern accelerators such as the cyclotron, can pass 
through not only the vacuum-tight windows of their chambers but also a con¬ 
siderable depth of air before being brought to a halt by collisions with the 
atoms. It is now known that particles associated with cosmic rays can penetrate 
many meters of a liquid or of a solid. Since many lines of evidence indicate that 
the radius of the nucleus of the atom is roughly only 1/10,000th that of the 
atom as a whole, the phenomena mentioned above are understandable. There 
is no longer any doubt as to the minuteness of the nuclei of atoms. 

55.3. A Demonstration Model. Many laboratories have on hand apparatus 
designed to demonstrate the phenomenon of scattering just described. In gen¬ 
eral, such apparatus includes a means of giving small steel balls velocities con¬ 
trolled in direction and in magnitude by means of an adjustable spring gun or 
an inclined plane as shown in Fig. 55-2(a). The atomic nuclei arc reprcsent(‘(l 
by cones of revolution of a particular form, designed on the basis of the follow¬ 
ing energy considerations. If E is the charge on an atomic nucleus of gold, then 
at a distance of d the potential due to its charge is E/d and the work. \V, done 
in bringing the charge on an a-particle to a distance d is given by the n'lation: 
W = EE’/d. Hence Wd ~ EE' = a constant. Therefore the curve representing 
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the relation between W and d is a hyperbola (just as is the curve representing 
the Boyle’s law relation: FF = a constant) as shown in Fig. 55-2(b). By turn¬ 
ing cones having such a contour, as shown in (c) and mounting a number of 
them as shown in (d) one acquires an instructive model of the gold film and one 
capable of demonstrating the scattering phenomenon observed. 

If shot at random most of the balls will go straight through the group of 
“atoms” without hitting any of the nuclei. Actually the foil is a thousand times 
more sparsely occupied than is the model shown. By shifting the “gun” side¬ 
ways occasionally, it will be found that a ball will roll over the base of a cone 



Fig. 55-2. Mechanical model for demonstrating the scattering of particles by atomic 
nuclei, (a) Lateral position of projector affects the action of foil (d) on the partice. 
(b) Energy-distance relation, (c) Mechanical model to show repellent action o nu 

cleus on a-particles, also potential well 

and be deflected and, in so doing, follow a hyperbolic path. The number hitting 
the cone so directly as to roll back toward the incident side of the model 
be very small. If the initial kinetic energy of the ball is and work, Iv, 

is done in rolling up the slope to a distance, d, from the center of the 
it will have a residual velocity, v, given by the relation - IF as 

it passes the nucleus; but it will regain all its lost velocity as it rolls down e 
slope and passes on. Conceivably one might be so centrally directed as to ro 
directly up and come to a momentary standstill at a distance, d,,, from the axis. 
This is the distance of nearest approach to the center of the nucleus, and Ruth¬ 
erford was thus enabled to calculate the effective radius of the nucleus, and o 
show experimentally that the radius is the small fraction of the known radius 

of the whole atom stated above. . • • * fne 

While anticipating material to be presented in later sections it is interes i g 

to note that if such a centrally directed ball should be given initially enoug 
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energy to go “over the top” of the rira of the model and fall into the potential 
well then the ball would be “captured” and a heavier nucleus would be the 
result. Reverting to the a-particle experiment, such a capture would result in 
a nucleus having a mass number higher by 4 than the original nucleus and 
a nuclear charge increased by 2, in line with the mass and charge of an a-par¬ 
ticle. The several theoretical predictions of Rutherford with respect to the scat¬ 
tering of a-particles by the gold foil could be verified by this simple model. 
55.4. Bohr*s Contribution to the Rutherford Atom. In 1913 great support 
was given the atomic structure proposed by Rutherford, by the Bohr explana¬ 
tion of the spectra of simple atoms. By bringing the quantum concept into the 
picture he was able to account for the hydrogen spectrum with great exactness, 
as pointed out in Chapter 37. He assumed that an electron is attracted toward 
the nucleus of an atom by a force exactly equal to the centrifugal force exerted 
by it as it follows its orbit, assumed circular in the interest of simplicity, about 
the nucleus as a center. That is, mv-/r = eE/r^. He postulated also that 27r 
multiplied by the angular momentum equals nh; that is, 2Trmvr = nh where n is 
an integral number and h is Planck’s constant. Combining these two relations 
and assuming that for hydrogen e = E,\t follows that 

„ , n-h^ 

: 9 ■> 9 = — and r ^ 

By substituting for h, m, and e, their well-known numerical values, and for n 
the integers 1, 2, 3, etc., it is found that for n = 1, r = 0.000,000,005 cm or 0.5 
Angstrom units. The second orbit would have a radius four times and tlie third 
orbit nine times as great as the radius of the first orbit, as indicated in Fig. 55-3 
which is drawn to scale. 

The success of the Bohr atom was immediate and striking. The exact agree¬ 
ment between Bohr’s calculation of the spectral lines of the simple hydrogen 



Fig. 55-3. Hypothetical “orbits” of the Bohr-Riitherford atom 


atom and the lines experimentally observed, pointed out in Chapter 37, was so 
convincing that little doubt remained that tJie basic nature of the Rutherford- 
Bohr atom was correct. The fact that it was not possible to carry out analogous 
calculations for elements of higher atomic number was not held against tlic 
Bohr theory; especially when it was found that the spectrum of ionized helium 
which, like hydrogen, had only one planetaiy electron, could be handled. Tliore- 
fore it is not surprising that the Bohr concept and terminology have remained 
in use in spite of the modern advances of the quantum and wave theories which 
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have achieved far greater successes than the simple Bohr theory. Certainly the 
orbits of hydrogen atoms do not lie in a single plane as suggested by Fig. 55-3. 
He did not consider the wave properties or the spin of the electron and of the 
nucleus, and the velocities of electrons in various circular orbits may have little 
reality. AVe are now more concerned with “energy states” than with orbits. 
Although the present theories are in agreement with Bohr's results in the simple 
cases, they provide no basis for visualizing the atomic structure, hence it is 
likely that the terms and concepts for the Bohr atom will continue to be used, 
perhaps indefinitely. 


Table 55-1. Electronic Structures of Certain Atoms 
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Element 

Atomic 

Weight 

Atomic 

No. 

K 

L 

M 

N 

0 
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1 

n = 

= 1 

2 

3 

4 

5 
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Hydrogen. 

1.0078 

1 


1 


— 


— 

— 

Helium. 

4.002 

2 


2 

1 





Lithium. 

6.940 

3 


2 

1 



1 

1 


Beryllium. 

9.02 

4 


2 

2 



1 


Carbon. 

12.000 

6 


2 

4 





Oxygen. 

16.000 

8 


2 

6 

1 

1 




Neon. 

20.183 

10 


2 

8 





Sodium. 

22.997 

11 


2 

8 

1 




Chlorine. 

35.457 

17 


2 

8 

7 

1 



Argon. 

39.944 

IS 


2 

8 

8 

1 

1 

1 



Potassium. 

39.10 

19 


2 

8 

8 

1 



Bromine. 

79.916 

35 


2 

8 

18 

7 



Krypton. 

83.7 

36 


2 

8 

18 

8 

1 


Rubidium. 

85.44 

37 


2 

8 

18 

; 8 


Iodine. 

126.92 , 

53 

1 

1 

2 

8 

18 

18 

7 


Xenon. 

131.3 : 

54 


2 

8 

18 

1 18 

8 


Cesium. 

132.81 

55 


2 

8 

18 

! 18 

8 

1 

Mercury. 

200.61 

80 


2 

8 

18 

32 

18 

2 

Radon. 

222.0 

86 


2 

8 

IS 

32 

18 

8 


The hydrogen atom, as mentioned in Chapter 37, has only one electron, hence 
only one of the various possible orbits (shown circular) can be occupied at a 
time. Shifts to the inner or K orbit give rise to the Lyman series; those to the 
second or L orbit account for the Balmer series, and so on for the other series, 
as described in Chapter 37. The next heavier atom, that of helium, has two 
peripheral electrons and an atomic mass number of 4. The next, lithium, has 
throe electrons, but only two can occupy the K “shell.” In fact no atom may 
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O n=l) Hydrogen 
2=1 

+2e 

On=l Helium 
2=2 


0 12 Lithium 
2=3 


have more than two electrons in the K shell. As one goes to higlicr and higher 
atomic numbers and weights the increase in the number of the planetary elec¬ 
trons (identical with the atomic number) keeps pace and in every atom thcir 
total charge matches the positive charge on the nucleus, so that for every atom 
the total charge is zero. The additional electrons fall into the outer shells, as in¬ 
dicated in the accompanying table which includes only 
a sampling of the atoms. The student should consult a 
reference giving the complete table. The greatest num¬ 
ber of electrons that can occupy any shell is 2n-, which 
means the first shell is limited to 2, the second to 
2 X 2- = 8, the third to 18, the fourth to 32, and so on. 

It is interesting to note that after one shell has been 
completed the shell, together with the included nucleus, 
serves as a combination structure (enclosed by rectan¬ 
gles in the table) to which additional electrons are 
added and arranged in much the same pattern, what¬ 
ever the shell being built. Whenever this new shell con¬ 
tains 8 electrons it is in a sense complete and the atom 
is one of the inert gases, Ne, A, Kr, Xe, or Rn. Such 
atoms have no extra electron which might be captured 
readily nor are they able to attract strongly an extra 
electron. The planetary arrangement of the electrons 
for a few different atoms is shown (diagrammatically 
only) in Fig. 55—4. Each shell contracts as the nuclear 
charge increases and as the outer electrons exert a 
“squeezing” effect, so that the total diameter docs not 
change materially. The diagrams are of course not 
true to scale. Both the drawings and the table make 
it apparent that the extra electron which marks the 
start of a new shell cannot be held strongly by the 
atom; hence it is not surprising that the elements, Li, 

Na, K, Ru, and Ce, so readily lose an electron and 
become electro-positive. It accounts also for their low 
work function, hence for the ease with which photons 
eject electrons from such metals. Also, the elements 
which just precede the inert gases and which, there¬ 
fore, have only 7 electrons in their outer shell, tend to acquire the extra 
electron needed and to hold it even thougli it means breaking it off an¬ 
other atom. Thus when a Na atom with its extra electron meets a Cl atom, 
which requires one, a stable salt is produced, and when this salt dissociates in 
solution that extra electron goes with the Cl atom and both the Na-* and tlie 

Cl“ ions then have the stable 8-electron outer shell. Each therebv is made more 

% 

stable than either would be if in their neutral state. It is understandable with 
this picture that neither Na-*-+ nor Nu" appear, likewise that Cl= and C1+ are 



Sodium 

2=11 


Fig. 55-4. Diagrammat- 
ical (only) arrangement 
of planetary electrons in 
certain atoms (Adapted 
from White and from 
other sources) 
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not observed. Similar statements might be made relative to atoms which have 
two electrons in the new shell and to their striking affinity for those which lack 
two of completing their outer shell. It must be apparent that the chemical be¬ 
haviors of the elements must depend primarily on the outer incompleted shells, 
tliose which are complete being inert. It is equally obvious that chemical action 
is little concerned with the mass or size of the nucleus or the number of inner, 
completed shells constituting a core for the uncompleted shell. 

Supporting evidence comes also from the data on ionization potentials. It 
takes an electron of 19.8 electron volts of energy to exite a helium atom and 
24.5 cv to ionize it, so firmly fixed arc the electrons in its completed shell. But 
a lithium atom with its exposed extra electron is excited by 1.8 ev and ionized 
by 5.4 cv. Also, the good conductors, silver and copper, each have exposed elec¬ 
trons which appear free to move along the metals. In many gas-filled radio 
tubes it is exceedingly important that only the inert gases such as helium, neon, 
and argon be used. A bare trace of an electronegative gas like chlorine, an elec¬ 
tron-hungry gas, would greatly lower the efficiency of any tube and likely 
render it inoperative; for such gases would capture and hold electrons having 

other work to do. 

55.5. The Proton and the Neutron. The positive nucleus of the hydrogen 
atom is known as a proton. On evidence which can hardly be included in the 
present treatment it is believed that the proton is one of the consrituents of 
all atomic nuclei. In order that the atom as a whole shall be neutral it is neces¬ 
sary that the number of protons in the nucleus be exactly equal to the number 
of planetary electrons surrounding it. But the number of electrons in an atom 
is roughly only half the atomic weight, hence the atomic weight cannot be 
accounted for by the protons present. Formerly one assumed that an additional 
number of protons, each with a neutralizing electron, were included in the 
nucleus. This meant that the only building blocks for atomic sb-ucturcs were 
protons and electrons. However, the presence of electrons within the nucleus 
involved theoretical difficulties and, when Chadwick in 1932 experimentally 
proved the existence of the neutron, the concepts of atomic structure were 
immediately revised. ’While the discussion of the neutron must be left for a 
later chapter it is useful at the present stage to know that it is a neutral 
particle having sub.stantially the same mass as a proton and that neutrons 
make up about half the mass of all atoms except hydrogen, and much more than 
half in the case of the heavier atoms. For example, the helium nucleus contains 
two protons and two neutrons, and has two planetary electrons. Sodium has 1 
protons, 12 neutrons, hence a mass number of 23, and 11 planetary electrons. 
One isotope of mercury has 80 protons, 120 neutrons, and hence a mass number 

of 200. The neutral atom has 80 peripheral electrons. ^ 

55.6. The Occurrence and Nature of Isotopes. In the previous ^nap e 
studies of the presence and the abundance of the isotopes for the various a o 
were reported. Tiie mass spectrometer clearly reveals the fact that the atom 
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of a particular element may vary in integral fashion through a considerable 
range. All the atoms of an element have the same number of planetary elec¬ 
trons, hence the same number of protons in the nucleus and the same chemical 
properties. So the differences between the atomic weights of the isotopes of any 
particular element must be due to the differences in the number of neutrons in 
the nucleus. This is not surprising in view of the fact that adding or removing 
neutrons does not affect the charge on the nucleus. This means that a wide 
tolerance in their number within any atom may be possible, especially in the 
heavier atoms; although it will be found in a later chapter that a large number 
of the nuclei which may be produced artificially are not stable. As many as 12 
different isotopes of gold, 11 of mercury, 14 of iodine, and 21 of tellurium have 
been detected, although in each case the relative abundance and the stability of 
the different isotopes vary widely. 

55.7. The Whole-Number Rule. In 1815 Front suggested his famous hy¬ 
pothesis that all atomic weights are integral numbers and that the hydrogen 
atom is the basic building block. Greater precision in the determination of 
atomic weights forced the abandonment of this hypothesis. But with the dis¬ 
covery of the isotopes it again became evident that nature does prefer whole 
numbers and that atomic weights, such as 20.2 for neon, which arc not integral 
represent mean values of isotopes which in themselves have integral atomic 
weights. As illustrations, neon is a mixture of isotopes 20 and 22 having abun¬ 
dances such as to account exactly for a mean value of 20.2. Similarly the 
chlorine isotopes, 35 and 37, arc present in such a ratio that the calculated 
atomic weight of chlorine is in agreement with the value determined by the 
methods of chemistry, which is 35.45. Again the whole-number came to be gen¬ 
erally accepted; in fact, any marked departure from an integral atomic weight 
was taken as evidence of the presence of isotopes. But the precision work of 
Aston, Bainbridge, Dempster, and others, which included searches for mere 
traces of isotopes and determinations of relative abundances, could not fully 
support the whole-number rule. On the contrary, such work did reveal a syste¬ 
matic departure from the rule, to which great significance has become attached. 
The precision of the mass spectrometer has reached the amazing value of 1 in 
100,000. One cannot ignore, therefore, discrepancies amounting to fifty times 

this. 

55.8. Mass Defect. Following the lead of Aston, let the atomic weight of an 
element be represented by m and the mass number (that is the whole number 
nearest to m) by a. The mass defect or discrepancy is m - a, and the dis¬ 
crepancy per mass unit is (w - a)/n. Aston called this the packing fraction 
(abbreviated PF). As an example, for helium the packing fraction is 
(4.00216 - 4)/4 or 0.00054. The variation of the PF with atomic mass num¬ 
bers is plotted, in line with Aston's original scheme, as shown in Fig. 63-1. It is 
seen that the PF values for the light atoms are positive, also for the very heavy 
atoms. But the middle range of atomic masses shows negative PF values. The 
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great significance of these facts appears only when considered in relation to 
the basic Einstein equation expressing the equivalence between mass and en- 
erg>’, which is: 

Energy (in ergs) = m X 

where m is the mass in grams converted into energy and c is the velocity of light 
(3 X cm/sec). If, therefore, mass is lost in the building up of a particular 
atom, energy must have been radiated in the process. Conversely, this means 
that to bring about the disintegration of an atom having a negative PF value 
it will be necessary to supply as much energy as was lost during its formation. 
Since the energy is generally of the order of millions of electron volts it is un¬ 
likely to be acquired, hence atoms having negative PF values are stable, in gen¬ 
eral, and are likely to be widely distributed. Light atoms having excess mass 
would yield this in combining to form heavier atoms and it has been suggested 
that such processes may well account for the energy of cosmic rays and of the 
sun. In the case of the veiy heavy atoms there is a marked tendency to disin¬ 
tegrate spontaneously. Practically all of the natural radioactive elements have 
high atomic weights. In this process radiations measured in millions of electron 
volts are emitted. In the case of uranium 235, the disintegration takes the form 
of fission (see later), hence there is a drop from an element having a positive PF 
to fission products lying in the range of atoms having negative PF values. This 
means that there is far greater release of energy than in the usual step-at-a- 
time disintegration, hence the possibility of an atomic bomb. It will be shown 
in subsequent chapters that million-electron-volt particles may be required to 
build new atoms from old, hence it is not surprising that such synthetic atoms 
arc in many cases unstable and spontaneously disintegrate wdth the emission 

of energies of the same order of magnitude. 

It is interesting to note that the PF values show no marked periodicity com- 
[larahlc to that known to the chemists and reflected in the periodic table of the 
elements. However, the values of PF for He, C, 0, and Ne, all having mass 
numbers which are multiples of 4, are slightly lower than the PF values of the 
neighboring elements and suggest that the closely knit nucleus of the helium 
atom might form a composite building block. Further evidence of this is seen 
in the fact tliat a-particles (He nuclei) are emitted in many nuclear dis¬ 
integrations. 

Thus it is seen that the Rutherford-Bohr atom is supporied by much evidence 
from physics and from chemistry, even though we no longer consider it im¬ 
portant that our visualization of the stiucture of the atom has any physica 
reality. Certainly the word shell is a convenient term even though representing 
an oversimplification. The relative immunity of the nucleus to chemical and 
physica! forces does not necessarily mean that the nucleus has no properties of 
its own which may show up when agents which can affect the nucleus directly 
are employed, or where nuclear changes, as in radioactivity, are involved. Sue 
matters must be left for consideration in later chapters. 
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55.9. Separation of Isotopes. With few exceptions the relative abundance 
of the isotopes of any element is the same whatever the source of the particular 
specimen of the element examined. Indeed their relative abundance, coupled 
with their atomic weights, offers a basis for accurate determination of the 
atomic weight of the element. Lead is an important and significant exception to 
the rule, due to the fact that lead is the stable end product of various radio¬ 
active scries. The most abundant or dominant isotope of ordinary lead is 208, 
while in lead found in uranium mines the most abundant isotope has an atomic 
mass number of 206. 

Urey and his colleagues suspected hydrogen of having a trace of a heavier 
isotope since its positive-ray value was different from its value as determined 
by chemical procedure. By successive fractional distillations of liquid hydrogen 
Urey was able to concentrate the heavier isotope, normally present in the ratio 
1/4500, and thereby to prove the actual existence of heavy hydrogen, (The 
subscript indicates the atomic number, the superscript the mass number.) This 
soon came to be known as deuterium and its nucleus, as the deuteron, and its 
compound with oxygen as heavy water. 

In general, chemical methods cannot be used to separate the isotopes since 
they are all chemically alike. Fractional distillation of liquid has been employed 
for deuterium and gaseous diffusion methods for the isotopes of neon. The 
method of diffusion, generally making use of porous clay pipes, can be used 
whenever the element can exist in a gaseous compound, since the rate of 
diffusion varies inversely as the square root of the mass number of the isotope. 
But this method is less efficient for heavy atoms than for the light elements 
since the ratios between the mass numbers of the isotopes of a heavy element 
differ little from unity. Heavy water has a melting point of 3.8°C. This and 
other physical properties of heavy water make the separation of the isotopes 
of hydrogen easier than the equally important separation of the isotopes of 
carbon, of nitrogen, and of oxygen. Actually the mass spectrometer offers the 
only method of obtaining a complete separation in a single stage, but it is a 
very slow method. Yet when worked on a large scale, as in the case of the 
separation of it yielded quantities sufficient to make possible the atomic 

bomb, even though this isotope of uranium is ordinarily present to the e.xtent 
of only 0.7 per cent. 

55.10. Isobars. On the average there are roughly five isotopes per element 
cither present in nature or able to be synthetically produced. This necessarily 
means that there must be a great deal of overlapping in atomic masses. Atoms 
which in the atomic series arc adjacent are bound to have certain isotopes of 
the same weight. These isobars arc scparal)le since their electronic configura¬ 
tions, hence their chemical properties, are unlike. This is further evidence of 
the relative unimportance of the mass of the nucleus. It is interesting to note 
that there are instances of isotopic isobars or isomers; that is, atoms having 
the S(nne nuiKS atid also the same f}}irlear charqe but which must have unlike 
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eases of inversion. For example, in the table given above argon, which has an 
atomic number of 18, has a higher atomic weight than potassium, which is 
number 19. This is because the more abundant isotope of argon is its higher 
one, while in the case of potassium the lighter isotopes are the more abundant. 


Problems and Exercises 

1. Calculate the ratio of the radius of the sun’s orbit to the radius of the earth. 
Compare it to the ratio of the radius of an atom to the radius of the nucleus, of 
which a typical value is 10,000. This should aid the student in seeing that the "open¬ 
ness” of the atom is comparable to that of the solar system—each is mostly space. 

{Ans. 23250) „, , 

2 \n alpha particle, which carries a positive charge of 2 X 4.8 X 10 statcoulombs, 

approaches an atom with a kinetic energy of 0.8 X 10"® ergs (corresponding to a fall 
through 250,000 volts). Find the closest possible approach to a mercury nucleus having 
a charge of 80 X 4.8 X 10“^® statcoulombs, assuming a head-on collision. (See Chap¬ 
ter 43, also Section 55.3.) 

3 Using the relation explained in Section 55.3, Wd = EE' — Constant, plot a curve 
giving the relation between W and d. To simplify the calculations select arbitrarUy a 
number having many simple factors, such as 24, as the value of EE'. Let the ordinates 
represent IF in order to make clear the increase in the potential energy acquired by the 

particle as it approaches the nucleus. , , • . 

4. Review the derivation given in Section 55.4 of the fundamental relation. 

r = nViyATrh-m which is applicable to the hydrogen atom. Using the numerical values 
of the constants involved, which are given in the Table of Physical Constants in t e 
Appendix, calculate the value of r for the first orbit. Find the values of the next three 

orbits from this, by simple proportion. , , , , 

5. Basing your calculations on the Einstein relation: E = mc^ calculate the energy, 

first in ergs and then in calories, which would be liberated in the annihilation of 1 gm 
of coal. Compare this with the 8000 cal liberated when this amount of coal is burned. 
(Ans.O X 10-'’ ergs; 2.15 X 10'" cal; 2.69 billion times as much) 

6. Calculate the number of pounds of the isotope U^"-* which are present in one o 
of uranium assuming that this isotope constitutes 0.7 per cent of the whole. 
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Properties, Production, and Detection 

of X-Rays 

In November, 1895, Roentgen (1845-1923) of Bavaria, Germany, observed 
that a Crookes’ tube, operating at a very low gas pressure, caused certain 
minerals to fluoresce even when the discharge tube was covered with black 
paper. The nature of the new and very penetrating radiation was unknown to 
him, hence he called the rays x-rays. This name is still in general use, although 
they are called Roentgen rays by many, particularly in Germany. The use of 
discharge tubes as sources of x-rays spread rapidly, and they provided the only 
one available until the invention of the Coolidge tube in 1913. Few discoveries 
in any science ever created such a sensation or received such immediate recog¬ 
nition as to their practical and scientific value. 

56.1. Properties of X-Rays. For the purposes of the present discussion the 
general properties of x-rays will be listed, but a more detailed discussion of 
some of them can be given more conveniently in the next two chapters. The 
sharp shadows cast by x-ray beams show that x-rays are propagated in straight 
lines, and since they cannot be deflected by electric or by magnetic fields it may 
be concluded that they are somewhat similar to light rays. Indeed it was found 
some years after their discovery that under some conditions x-rays can be 
reflected, refracted, diffracted and polarized, that they can produce interference 
effects, and that they have the velocity of light, 3 x 10^“ cm/sec. It is true that 
they are invisible, but the same can be said of ultraviolet and infrared radia¬ 
tions, already well known at the time of Roentgen. The first observation of 
Roentgen was the fact that x-rays can cause fluorescence and phosphorescence, 
and that they could darken a photographic plate. It was much later that it 
was found that x-rays, like light rays, have a dual nature, showing under some 
circumstances the properties of waves, but under other circumstances exhibit¬ 
ing the nature of particles. It was finally possible to measure their wave length 
and definitely to conclude that x-rays are exactly the same in character as light 
waves, but with a frequency range about 10.000 times as high. 

An obviously important property is their differential absorption by matter, 
coupled with their great penetration of substances quite opaque to visible light. 
It is this property that makes possible the use of x-rays in medicine for the 
location of foreign bodies, in dealing with fractures, and in diagnoses in general. 
X-rays are able to ionize the molecules of a gas, to influence tiie electrical 
properties of both solids and liquids, to produce important changes in living 

641 



G42 


'PROPERTIES, PRODUCTION, 


AND DETECTION OF X-RAYS 


pells_genetic mutations, for example, or even to kill cells. To the physicist 

x-ray spectra are of particular interest as they have thrown much light on the 
questions of atomic, molecular, and crystal structures, as will be explained in 

later sections. 

56.2. The Production of X-Rays. For the purposes of the general discussion 
to follow it is necessary that the basic principles and meclianics of the pro¬ 
duction of x-rays be understood. In general x-rays are produced whenever high¬ 
speed electrons arc strongly decelerated and stopped through collisions with 
atoms. The higher the atomic number of the atom the larger its number of elec¬ 
trons. the more efficient is the transfer of energy, and the more intense the radia¬ 
tion produced. Such collisions may result in the removal of electrons from their 
normal shells, and the energy subsequently released when an inner shell is 
affected is such that the resulting x-radiation emitted is highly penetrating, if 
the atom is of high atomic number. (Sec Chapter 55.) To produce x-rays, then, 
means must lie provided of imparting high energies to electrons and of causing 
them to strike suitable targets. The characteristics of any x-radiation produced 
will depend on many factors, as will be explained in later sections. It is realized, 
of course, tiiat electrons of the outer shells also may be disturbed; but any 
rarliations thereby caused fall witliin the ultraviolet-to-infrared range. 

56.3. Gas-Filled' X-Ray Tubes. Actually the gaseous x-ray tube was never 
trouble-free. Its action depended on the bombardment of a target, generally of 
jilatinum, by very high-speed cathode rays (electrons). This meant that the 
gaseous pressure had to be very low to ensure an unbroken flight of the electrons 
from the cathode to the target. But such low pressures meant a scarcity of the 

positive ions needed to cause the 



emission of the electrons from the 
cathode. The range of suitable pres¬ 
sures was so narrow that any con- 
siflerable adsorption of the bare 
trace of gas present would render 
the tube inoperative. Means of re¬ 
storing the gas pressure, though in¬ 
genious, were never satisfactory. 

_ t * * f f iUn and the behavior of a gas-fillcd tube 

Fig. 56-1. One of the latest forms of the r * 1 Tn of 

g:i.-fillccl x-ray tubes remitinod unpredictable. In most ot 

such tubes concave cathodes were 

employed in order to concentrate the cathode rays on a small area of the 
target and thus make possible sharper definitions in the fluoroscope or on 
the photograpliic i)lates. Roentgen s earliest gas-fdlcd x-ray tubes were very 
much like the discharge tube siiown in Fig. 51-1 (init without tlic cross!. 
In Fig. 56-1 is sliown a gas-filled tube typical of tho.^e in use at the time 
the C’oolidgc tube l)ecame availaide. A study of tiie tube siiown in Fig. 5(>-I 
will reveal the fact that several important improvements had been made dur¬ 
ing the 17 years during which only gas-filled tubes were availaiile. It is seen 
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that larger and better cooled electrodes were employed, targets of high melting 
points took the place of the end of the glass envelope, and an auxiliary electrode 
making for increased intensity and for steatlier operation was frecpiently atlded. 
Note also the atldition of a side-tube containing an electrode and some mica, 
asbestos, or other gas-releasing substance. This tube will carry a share of the 





Fio. 5G-2. Various typos of Coolidgc x-ray tubes, (aI 
radiator. (1>) DX model adapted for oil immersion, (e 

anode 


Cl 

> 


.E. Model I’.U. with air-eooleil 
(l.E. Model CRT 1.2 Kotatinp: 


current when the gas pressure goes too low. and its current will cause the release 
of gas from the enclosed substance through which the discharge must i)ass. Such 
tubes have now only historic interest. 

56.4. The Coolidge X-Ray Tube. Mo>t of the (Umculties experienced in the 
])ractical uses of the gas-filled tube had to do with the control of the current 
and the elective voltage on the tube. Obviously the number of electrons enutted 
bv the cathode and, therefore, the number hitting the target and the intensity 
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of the x-ray beam must depend on the number of positive ions striking the 
cathode. ^Moreover the number of electrons striking the target without having 
lost some of their energy in collisions with gaseous molecules must depend on 
the gas pressure. The important advance made by Coolidge was to substitute 
thermionic emission from a filament for positive-ion bombardment as a source 
of the electrons. This made it possible to dispense entirely with the gas. Coolidge 
tubes, therefore, are exhausted to the highest possible vacuum. This single step 
gave the tube so many advantages that it has almost completely displaced the 
gas-tube in the medical applications of x-rays. Three of these advantages 
follow. (1) The electron emission, hence the current through the tube and there- 



Fig. 56-3. Million-volt x-ray tube in hands of Dr. \V. D. Coolidge who developed the 

filament-cathode x-rav tube 


fore the intensity, can be controlled and dui)licate(l at will through the adjust¬ 
ment of the current through the filament. (2) The energy of the electrons 
striking the target can be given definite values since none of their acquired 
energy is dissipated through collisions with gaseous molecules. (3) Coolidge 
tubes are fully d(‘pendable and have long life. 

A great variety of C’ooliilge tubes have been produced, of which a number 
are shown in Fig. 5(>-2. For laboratory n^c a simple bulb containing a filament 
unit and a tungsten anoile was employed. This “universal” form was widely 
distributed and rendered good service in both laboratories and in hospitals, but 
was unwieldy in sixe, could dissipate but little heat, and the high-voltage 
connections were dangerously exposed. The x-ray tube shown in (a) makes 
use of an air-cooled radiator and has a heavy, lead-glass protecting bulb with a 
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thin, lime glass window. Some arc built with oil- or water-cooled anodes to 
make possible much larger currents, an important advantage in all uses. In 
recent years the trend has been toward oil-immersed tubes, rectifiers, and trans¬ 
formers in order to make the equipment more compact and “shockproof.” Since 
the oil provides much better insulation than air, the tubes may be made far 
shorter than the type shown in (a), as is ai>parcnt in (b). For many uses it is 
necessary to concentrate the stream of electrons on a small “focal spot” on the 
target; hence the entire energy of the beam may be giAxn to an area of only a 
few square millimeters. Only tungsten with its high melting point is able to 
withstand such treatment, and even with tungsten definite limits must be re¬ 
spected. To retain the advantage of a small focal spot and yet distribute the 
energy over a considerable area the scheme of using a rotating target is widely 
used. The tube shown in (c) has a tungsten-disk, copper-shell target which is 
rotated by a built-in motor armature at a speed of 3000 rpm. Complete shock- 
proof heads enclosing such tubes, and cooled by circulating oil, are now pro¬ 
vided for these tubes, in fact for tubes generally. There arc also x-ray tubes 
having their targets on the end of a projecting tube in order to make possible 
the close irradiation of cancers within body cavities. Recently long tubes, 
divided into sections in order to distribute the applied potentials, have made it 
possible to extend the range of practical x-ray voltages to one or two million. 
In Fig. 56-3 is shown a million-volt tube in the hands of Dr. W. D. Coolidge, 
the American scientist who not only invented the tube which bears his name but 
lias made many of the fundamentally important advances in tliis and in related 

fields since his tube became available. 

56.5. Target Materials. The choice of target-material is based on physical 
properties. Those of importance with respect to x-ray tubes are given in the 
following table, which includes elements that have been used in targets. 


Table 5G-1. Physical Properties op Target M.\terials 


Element 

Atomic 

Number 

Melting 

Point 

Thermal 

Conductivity* 

Iron. 

26 

ir)35°C 

0.101 

Copjier. 

29 

10.83 

0.918 

Silver. 

47 

9()0.5 

0.974 

Tantalum. 

73 

2850 

0.130 

Tungsten. 

74 

3370 

0.476 

Platinum. 

78 

1773 

0.106 


♦The values given are for room temperatures. 


The ideal target should have a higli atomic number, high melting point, and, 
in order to move the heat away from the focal spot, high thermal conductivity. 
Platinum, tantalum, and tungsten have high melting points and atomic num¬ 
bers, but of these only tungsten has a high thermal conductivity. Copper and 
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silver have higher conductivities but low atomic numbers and melting points. 
The present choice is a combination of a tungsten button or plate backed by a 
copper casting. Thus the advantages of both are secured. 

56.6. X-Ray Circuits. Early x-ray tubes were operated directly on the 
secondary of an induction coil or else by means of an electrostatic machine. 
Large induction coils are capable of providing the necessary high voltage for 
the operation of the tube. But each pulse in the secondary varies through wide 
limits and no definite voltage can be obtained. Also the output depends critically 
on the nature of the makc-and-break in the primary' circuit. Powerful electro¬ 
static machines making use of as high as twenty-four plates and driven by an 
electric motor had wide .sale, but were quite unreliable and extremely cumber¬ 
some. All present-day x-ray installations make use of high potential trans¬ 
formers, and in most cases their output is rectified before being applied to the 
terminals of the x-ray tube. 

Many of the circuits employed for portable sets and those intended for use 
by dentists wliich require neither heavy loads nor continuous operation include 
no rectifiers. The target of the x-ray tube operates at a temperature far below 
that at which thermionic emission would occur, hence the tube can serve as its 
own rectifier. This greatly simplifies the circuit, as will be seen by a study of the 
circuit diagrammatically represented in Fig. 56-4(a). In this circuit, as in all 
circuits employing Coolidge tubes, not only must the transformer have a well- 
insulated high-tension secondary, but tlie current supplied to the filament must 
be provided by a filament transformer having its secondary (generally 10 volts) 
well insulated from the core and the primaiy of the transformer. The ammeter 
included in the primary of the filament transformer, is calibrated in terms of 
the current flowing in the secondary. The secondary of the high-tension trans¬ 
former is in two sections, with the tube-current milliammeter placed between 
the two sections, and generally grounded. This means that the milliammeter is 
at zero potential and may be placed directly in the control cabinet without ex¬ 
posing the operator or the equipment to any danger. The primary of the high- 
tension transformer is not connected directly to the ])ower lines since it is neces¬ 
sary to vary through wide limits the voltage on the tube and this can he done 
most conveniently by varying the voltage in tlie jirimary. By connecting it to 
the aiitotransformer as shown it is possible to adjust its voltage to the desired 
value through the selection of the proper number of turns on the autotrans- 
formcr. The selector switch, C, makes it possible to obtain a voltage either 
higher or lower than that which is supplied by the power lines by using a greater 
or a smaller number of turns than arc within the power line circuit of the auto¬ 
transformer. This is a commonly used prinei[)le and should be understood by the 
student. The primary of the filament transformer is generally controlled by a 
separate i^witeh since equilibrium temperature conditions should be reached by 
the filament before the high potential is applied. 

The current passed by such a circuit through the x-ray tube consists of 
ifiO pidscs ^sec (assuming a 60-cvcIe current) and has the form shown in (b). 


X-RAY CIRCUITS 


647 ' 


Observe that during half the time no current is flowing, and its variation during , 
the active half period is not truly sinusoidal since a current through an elec¬ 
tronic tube is not in simple proportion to the applied potential. It can be shown 
that the maximum value of the current is 3.14 times the average value if the 
time during which no current flows is taken into consideration. This means that 
the focal area must be large enough to withstand an instantaneous current 

3.14 times the current indicated by the milliammeter. 

The Villard circuit provides a rectified potential for the x-ray tube which 
therefore is not subjected to high reverse potentials. Either two rectifier valves 
(kenotrons, sec Fig. 57-6 and Section 56.8) or a single valve may be used but 



Fig. 56-4. Simple x-ray circuit em¬ 
ploying radialor-cooletl, self-rectify¬ 
ing x-ray tube 



Fig. 56-5. (a) Villanl voltage-ilou- 
l)ling circuit, (h) Potential ^'ariations 
impressed on x-ray tube by cir¬ 
cuit (a) 


the two-valve cii-cuit shown in Fig. 56-5(a) has certain advantages. Suppose 
that the secondary of tlie transformer, AB. can establish a peak potential dif¬ 
ference of 100,000 volts and that its mid-point is grounded. When A is negative 
with respect to G it is 50,000 volts below G, then a half-cycle later it will be 
50,000 volts above G, or there will be an oscillation in potential of .4 ot 100,000 
volts, which will be impressed on capacitor, Since the electrons which flow 
through the valve F, to G cannot get hack, the effects of the two pulses arc 
additive. In a similar way the second capacitor becomes charged to a negative 
100.000 volts. Since the two ca])acitors arc in series the effective iiotential 
impressed on the x-ray tube is 200.000. or twice the voltage of the transformer. 
For this reason the Villard circuit is known as a voltage-doubling circuit. It 
makes possible a less expensive transformer and lower potentials with respect 
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to the ground, but requires two rectifiers. Since the building up of the potential 
on the terminals extends over both halves of the cycle only one pulse of the 
current flows through tlie tube for each cycle, just as in the case of the half- ■ 
wave self-rectifying circuit described above. But the discharge continues over 
a longer portion of the cycle, perhaps three-quarters of it, so that the per¬ 
formance of the tube is more satisfactory than is possible with a circuit in which 
the tube serves as its own rectifier. The potential variations on the tube are in¬ 
dicated by the curve of Fig. 56-5(b), by which it is seen that the tube is not 
subjected to reverse potentials. 

In the circuits described above, the variations in the potential on the x-ray 
tube arc througli wide limits. It will be shown in later sections that this affects 
greatly the quality of the x-radiation emitted; hence a steady potential, pro¬ 
vided more conveniently by full-wave rectification has a great advantage, par¬ 
ticularly in diagnostic work. The Oratz four-valve full-wave circuit is widely 
used and meets almost completely all requirements of satisfactory x-ray 
circuits. (The student should study a description of this circuit in a text on 
x-ray circuits.) An important advantage of this circuit lies in the fact 
that both pulses of the current arc utilized. This means that a steady po¬ 
tential can l)e maintained by using sufficient capacitance in parallel with the 
x-ray tube. Tliis ensures greater uniformity in both intensity and quality. In 
the case of the half-wave output tlie peak current is 3.14 times the average 
value taken over an entire cycle. Even in the absence of capacitors with their 
steadying effect in the full wave output this ratio is only half as great, an 
important advantage. This makes it possible to allow a much larger mean 
current for a given size of focal si)ot for a full-wave output than would be 
])Ossil)Ie for any half-wave tube current. 

But the tube-rating could be raised still further and the usefulness of the out- 
])ut increased if a constant potential were maintained on the tube. This ideal 
may be approached as nearly as may be economical by connecting in parallel 
with the x-ray tube capacitors of suitable cai)acitance. The current thcrcl)y is 
made steadier, for the same reason that a lake in a river system evens up the 
flow in the portion of the river below the lake. If the capacitance employed is 
largo relative to the current taken by the x-ray tube the current will remain 
practically steady at nearly its peak value rather than at the BMS value. 

56.7. Ultra-High Voltage X-Ray Tubes and Circuits. The problems of in¬ 
sulation and of preventing corona losses, as well as danger to personnel, and 
bulk of equipment become so serious at very high potentials that comparatively 
few installations providing more than 400,000 volts arc in operation. There are 
circuits combined in series and x-ray tubes built in sections (see Fig. 56-3) 
with distributed potential which have permitted the extension of the range to 
the million volt region. I)ut they arc expensive and present many difficulties. 
Recently several devices for imparting to electrons velocities approaching that 
of light without utilizing higher tlian the commonly employed x-ray voltages 
have been developed. The Van de Graaff generator, the betatron, and the 
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synchrotron, are all available and are now operating in several laboratories. The 
results to date are most promising in the industrial field, in various sciences, 
and particularly in cancer therapy. 

56.8. The Electron-Vacuum-Tube Rectifier. Early x-ray installations made 
use of mechanical rectifiers which were virtually switches rotating in synchron¬ 
ism with the alternations of the power circuit, and thereby constantly neutraliz¬ 
ing the changes in direction of the current in the transformer. These mechanical 
rectifiers were used for both gas-filled and for Coolidge tubes; but, following 
the invention by Dushman of the General Electric Company, of the “Kenotron” 
or electron vacuum-tube rectifier, the mechanical rectifiers were rapidly 
abandoned. During their day they rendered valuable service and made possible 



Fig. 56-6. Typical vacuum-tube rectifier or “valve,” G.E. kenetron Type KR4 (Cour¬ 
tesy of General Electric Co.) 

the replacement of induction coils and electrostatic machines by a transformer- 
rectifier combination which was far superior in every way. But mechanical 
rectifiers were noisy, difficult to keep in order, bulky, and produced objection¬ 
able ozone. 

A typical electron vacuum-tube rectifier or “valve” is shown in Fig. 56-6. 
Earlier types consisted of merely a heavy filament and a plate, but the ac¬ 
cumulation of electrons on the walls of the tube interfered with its performance. 
The present valve has a cylindrical anode which completely surrounds the fila¬ 
ment and overcomes the difficulty mentioned. This arrangement also reduces 
the mechanical strain on the filament, an important advantage where such high 
voltages are involved. Actually the valve is much like the x-ray tube itself in 
form, and care must be taken to see that it is operated so that no x-rays are 
produced. The x-ray tube is operated under saturation conditions and the 
electronic stream to the target is controlled by the filament current. The valve 
is operated under unsaturation conditions and a potential of only a few hundred 
volts across it is sufficient to produce a valve current large enough to meet the 
needs of the x-ray tube. During one half-cycle nearly all the applied voltage is 
used across the x-ray tube, and the anode of the valve remains cool. During the 
remainder of the cycle the reverse voltage is applied to the valve but no current 
passes because its anode is too cold to emit electrons. The very soft x-rays ])ro- 
duced in the rectifying valve are unable to penetrate even the glass envelope. 
Electron vacuum-tube valves are employed in the circuit shown in Fig. 56-5. 
They have the advantages of high efficiency, long life, and comj)actness. They 
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operate without noise, are dependable, and practically invariable in their 
performance. In many cases the rectifier tubes, like the x-ray tubes, are made 
small enough to be enclosed in oil tanks. This greatly simplifies the construction 
of “shock proof” installations. 

56.9. The Essential Controls of X-Ray Equipment. Some allowance for 
variations in line voltage can be made through the use of autotransformers with 
suitable taps and selector switches. A voltmeter in the primary circuit serves as 
an indicator of the primary potential so that it is possible to adjust the voltage 
on the x-ray tube to a value suital)le for the work being undertaken. An x-ray 
voltage suitable for the chest is far higher than one would use for a hand. A 
rheostat in line with the primaiy of the filament transformer gives the operator 
control of the current through the x-ray tube, a current which is measured in 
milliamperes hy a milliainmeter in series with the tube. A timing switch is now 
considered an essential part of the equipment. The voltage on the x-ray tube 
is perhaps the most difficult item to detennine with accuracy. An approximate 
value can be obtained from the voltage on the primary. The most common 
method involves simply finding the sparkgap-equivalent of the applied voltage, 
making use of standardized spheres as mentioned in Chapter 54. The measure¬ 
ment of the minimum wave length of the radiation emitted, and finding the 
mean absorption coefficient are useful methods but hardly suitable for partical 
situations. Electrostatic voltmeters and current milliammctcrs in series with re¬ 
sistances measured in megohms are also employed; but most of these methods, 
and others not mentioned, B.ye hardly suitable for use except in research Ial)ora- 
tories. X-ray departments which do not have available technically trained 
physicists generally depend on periodic calii)rations made by the service men 
of the commercial firm supplying the equipment. Unfortunately so many factors 
arc involved that one may not assume that x-ray equipment, once in proper 
adjustment and calibrated, will give an invariable performance thereafter. 

56.10. Fluoroscopy. It has been noted that the fluorescence of certain mate¬ 
rial when subjected to x-radiation was largely responsible for the discovery of 
this radiation by Roentgen. Solid inorganic material such as barium platino- 
cyanide, zinc sulfide, and cadmium sulfide, are commonly called phosi)hors. 
Such substances are able to absorb the photons of x-rays, gamma rays, and even 
ultraviolet rays and to give out radiations in the visible range; that is, they 
fluoresce. In general, they respond also to aljdia and to beta rays, and to 
cathode ravs. Practical use is made of this property in the manufacture of one 


type of luminous dials, fluorescent lights, and the like. In connection with 
x-rays, screens arc made hy coating white cardboard with the fluorescent ma¬ 
terial. Using a darkened room and placing the screen just beyond an object 
being examined hy x-rays it is possible to obsen'e the shadows cast by the 
object upon the screen, providing the eyes have become dark-adapted. For 
example the shadow of the bones of the hand and of any rings on the fingers 
shows amazing details in form and structure. It is unnecessary to use a dark 
room if the .screen is sliiclded from light in the manner shown in Fig. 56-7. The 
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physician may use a fluoroscopc in makinj^ a diagnosis, in (h’aling with a frac¬ 
ture or in searcliing for a foreign oliject, sucli as a metal fragment or a l)ullet, 
lodged in the body. As will he explainc'd later, excessive use of fluorescent 
screens may result in serious injury to the ob¬ 
server, hence indirect methods of observation 
and the use of photographic methods arc in 
many cases advisable. In shoe stores x-ray 
outfits including a fluorescent screen may be 
available for the direct examination of the foot 
or for a check on the fit of a shoe. Industrially, 
materials such as food products may he carried 
along on belts between an x-ray source and a 
fluorescent screen in order to detect stones, 

metal objects, and so on, which might otherwise be packaged with the food. 
Flaws in castings may be detected by the fluoroscopc as well as faulty align¬ 
ment of instrument parts, radio tubes, and the like. 

In the mass examination by departments of health of large groups the advan¬ 
tages of the fluoroscopc may be utilized indirectly with a great saving of both 



Fluorescent screen 


Fig. 5G-7. Fluoroscopc, portable 

hand-type 
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1 
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Fig. r>G-S. X-ray installation suitable for liealth surveys. Note camera attaclimeni at 

ri'dit (('ourtesv of Kelley-Koett Manulacturlia: ('o.) 




time and expense. The plan, now in general use, is to photograph on a >inall film 
file fluorescing screen. Later these photograidis may be projeete<l and >tudied m 
as great dt'tail as may be deemed necessary. Onait jirogress in tlu' early de¬ 
tection of tuberculosis, cancer, and the like, is being made by tlu> scheme. A 
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suitable arrangement for carrying out such an examination is shown in Fig. 
56-8. The x-ray plant and the control cabinet are at the left; the fluoroscope 
and camera and their controls are at the right in the picture. 

Perhaps the most extensive use of fluoroscopic screens is in connection with 
x-ray photography. It is the regular practice to place the photographic film be¬ 
tween two fluoroscopic screens, all included in its cassette in a sort of sandwich 
fashion. During the exposure the film is affected by the x-rays directly and also 
by the fluorescence and electronic emission of each of the screens, so that the 
time required for an exposure may be cut to a tenth or even to a twentieth of 
that which would be required if the screens were not used, depending on the 
voltage range. Obviously this must reduce the blurring due to any movements 
of the body, as well as effect a great saving of time and correspondingly in¬ 
crease the capacity of the x-ray plant. 

56.11. X-Ray Photography. From the very start the importance of em¬ 
ploying photographic procedures in the applications of x-rays was appreciated. 
In the very first report by Roentgen attention was called to their effect on dry 



Fig. 56-9. Arrangement of target, body, and 

cassette 


photographic plates and he stated that, “We are thus in a position to cor¬ 
roborate many phenomena in which mistakes are easy, and I have, whenever 
possible, controlled each important ocular observation in fluorescence by means 
of photography.” Not only can photographic plates be examined in greater de¬ 
tail than a fluorescing screen and without danger of overexposing the observer 
to x-radiation, but it is of great advantage to have a permanent record, par¬ 
ticularly in following the progress of a pathological condition. At this point it 
would be well to examine the radiographs in Chapter 58. 

The mechanics of the action of x-rays on the plate, and all the processes in¬ 
volved in producing the finished plate are basically the same as those involved 
in photography using visible radiations. But there are important dissimilarities. 
Nothing comparable to the lens of a camera can be employed. The plate can 
record only a shadow, and this shadow is always slightly larger than the object 
casting the shadow, due to the divergence of the rays originating at the focal 
area on the target, as shown in Fig. 56-9. For best definition then, it is essential 
that the object be as close to the plate as possible and that the focal area be 
very small. 

There is no slide to be removed from the plate holder as in optical photog¬ 
raphy, indeed the plate is never “exposed” in the usual sense, for the x-rays 
penetrate freely the black paper, or the cassette, as the case may be, enclosing 
the plate. The plate stops practically all the incident light, but only about one 
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per cent of the x-radiation. The problem, then, is to increase the absorption 
and photographic action. One measure is to coat the film more thickly, and on 
both sides. The great gain secured by enclosing the film between two fluorescent 
screens was mentioned in a preceding section. The fluorescence tends to spread 
the photo-action and to cause a loss in sharpness of the “image,” but the great 
gain in speed offsets this difficulty. Also, when fluorescent screens are used the 
density-variations over the plate may not be strictly proportional to the varia¬ 
tions in the intensity of the x-radiation. For many purposes “noscreen” plates, 
which require no fluorescent screens, are employed. These are somewhat slower 
than the regular plates used with fluorescent screens, but twice as fast as 
ordinary plates without screens. They are better for quantitative studies in 
certain types of work and are much preferred for the very penetrating radia¬ 
tions. For high-energy radiations, thin lead foils will serve well as intensifying 
screens, placed on both the front and the back faces. The electronic emission 
from the foils is proportional to the intensity of the radiation, is responsible for 
most of the darkening of the photographic plate, and effects a reduction in the 
time required for exposure to about a quarter of what would be required other¬ 
wise. Incidentally, the use of such foils improves the sharpness of the shadows 
since they eliminate much of the scattered radiation with its blurring effect. 

The density of the film in any case must be proportional to the exposure, E, 
to which the film is subjected. E depends on the intensity, /, of the radiation 
and on the time, f, as expressed by the relation; E = kit where k is a constant. 
Like plates exposed to an intensity of I for 100 sec, to an intensity of 4/ for 
25 sec, to an intensity of J/ for 200 sec, or interxuittcntly to an intensity of I 
for one-second periods with 100 individual expo.'iures, will all show the same 
darkening. AVhile this might he deduced from the equation it could hardly be 
assumed and it is interesting to find that the deductions have all been confirmed 
experimentally. 

56.12. Diagnostic and Therapy Equipment. The two main medical uses of 
x-rays, to be discussed in Chapter 58, have to do with diagnoses and with 
therapy. They have become so clearly differentiated that the equipment used 
is designed for either the one use or for the other. An installation for diagnostic 
work would have but limited use in therapy, and vice versa. In diagnostic 
work, whether by a fluoroscope or by photography, the exposure must be made 
as short as possible to minimize the effect of any motion and the intensity must 
be high enough to make possible clear views on short exposures. For good 
definition the focal spot must be small. The tube of Fig. 56-2(b) makes use 
of the Benson line focus, diagrannnatically shown in Fig. 56-10. It offers the 
advantage of a small spot yet retains the capacity of a large focal spot. Actually 
the spot is a slender rectangle, as shown, but at the glancing angle used the 
rectangle appears as a square having the width of the rectangle. The capacity 
of the tube is increased almost by the ratio of the real to the ai)par(*nt area of 
the spot. This advantage may be still further increased through tlie rotation of 
the target, as illustrated in Fig. 56-2(c). For diagnostic work the tube and the 
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entire circuit must be able to withstand large bursts of power for brief periods. 
The potential must be adjusted to the body part being radiographed, but is un¬ 
likely to run higher than about 110 kv. 

The use of x-radiation therapeutically does not require a small focal spot or a 
constant potential. For “deep therapy” it is essential that high voltages be em- 


Fig. 56-10. A line-focus makes possible greater ca¬ 
pacity without increasing apparent size of focal spot 
(Courtesy of General Electric Co.) 


ployed to secure the needed penetration without excessive losses in intensity 
(250,000 and 400,000 volts are widely used). The tubes must be able to carry 
heavy currents for extended periods, hence require means for ensuring adequate 
cooling. 

Problems 

1. Using the data given in Table 56 compare the thermal conductivities of copper 
and of tungsten. Your result should make evident the advantage of embedding the 
tungsten target-button in copper. Give an important advantage of using a tungsten 
button. {Ans. 1.93) 

2. A certain x-ray installation operates on an a-c power line kept at 220 volts. For 
what maximum voltage must the insulation of the wiring of the secondary be adequate 
if the secondary voltage is kept at 150,(X)0 (RMS value)? (See Section 49.1.) 

3. Many pieces of electrical equipment are rated in “peak volts.’' What would 
be the RMS voltage corresponding to the peak voltage of 250,000 indicated on the name 
plate of an x-ray transformer? (Ahs. 176,600 volts, RMS) 

4. A certain radiologist finds that he can operate his x-ray transformer at 150,000 
volts. 20 ma, continuously; at 130,000 volts, 50 ma, for short periods; and at 110,000 
volts, 90 ma, momentarily. Compute the power output for each of these cases. Account 
for the differences in power output permissible. 

5. Suppose that the primary voltage of an x-ray transformer taking 15 amp is re¬ 
duced to 175 volts from a line voltage of 220 by using a resistor. What must be its 
resistance? Calculate the heat lo.«s in this resistor for a run of 20 min. Assuming the 
use of a-c power how could this loss be avoided? {Ans. 194 kcal) 

6. Compare the actual area of a line focal spot (see Fig. 56-10) with its apparent 
area as viewed at a glancing angle of 10°. 

7. Suppose that an x-ray tube has a rotating anode for which the target-circle actu¬ 
ally employed has a diameter of 4 cm. If the beam of electrons bombards a strip 2 mm 
wide, in the direction of motion what is the gain in effective target area obtained 
through rotating the anode? Why should the speed of rotation be high? {Ans. Gam 
62.8-fold) 

8. An x-ray film reveals the presence of a fragment of steel lodged in the body of 
the patient. If the length of the “image” of the steel on the plate is 2.2 cm, what is 
the actual length of the fragment assuming it was SO cm from the focus and 12 cm 
from the film during the exposure. Make use of a geometrical diagram to simplify 
your solution. Assume a “point” focus. 
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0. A patient faces an x-ray target, T, for an exposure of his chest. How much wider 
will the anterior end, A, of a rib appear on the film, F, than its posterior end, P, if the 
pertinent distances are: cm, AP=15 cm, and PF = 5 cm, and the actual 

width of each end is 15 mm? Include a suitable geometrical diagram with your solu¬ 
tion. (An5. 2.96 mm) 
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X-Rays—Theoretical and Quantitative 
Considerations 


Early experimenters and users of x-rays came to associate high penetration, 
or “hardness,” with high voltage on the basis of their practical experience. This 
seemed reasonable, too, since the higher the voltage on the tube the greater the 
energy possessed by the electrons at the instant they strike the target where 
the x-rays are produced. According to the quantum theory the frequency of the 
radiation is directly proportional to the energy of the emitted x-ray photons. 
Therefore one would expect hard radiation to be of high frequency, hence of 
short wave length. Yet for more than fifteen years after their discovery no one 
succeeded in measuring the wave lengths of x-rays, or even proving that x-rays 
actually possessed the quality of waves wliich so many suspected. The trouble 
arose from the shortness of the waves and their highly penetrating nature. No 
success was then attained with any of the methods used in measuring the wave 
length of light. In the light of present knowledge this is not surprising since the 
frequencies in the commonly used range of x-rays is about 10,000 times as high 
as those of visible light. 

57.1. The Laue Diffraction Pattern. It was in 1912 that Max von Lauc, of 
Munich, Germany, suggested that the layers of atoms in a crj'stal sliould have 

about the right spacing to enable them to act as a 
grating for x-rays. Friedrich and Knipping carried out 
the experiment suggested by Laue and were able to 
obtain a diffraction pattern, by passing a narrow 
pencil of x-rays through a crystal. Since the absorption 
or reflection by a single layer of atoms is negligible 
for such penetrating radiation, they saw the need of 
using the whole body of a crystal so as to get the joint 
action of many millions of layers of atoms which a 
ciTstal even less than a millimeter thick could con- 
tain. Thus the crystal is used as a volume grating. Yet 
within tlie body of the crystal many different sets of 
parallel planes, each rich in atoms, might be passed in 
the manner suggested by tlie lines in a single plane of atoms, as indicated in 
Fig. 57-1. It is seen tliat a number of different sets of parallel lines can be 
drawn, each set of which would include all the atoms of the crystal. Extending 
this principle to tlie volume of the crystal it is not difficult to visualize a large 
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Fig. 57-1. Illustrating 

various possible crysTnl 
planes within a crystal 
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number of sets of planes having many different orientations but systematically 
arranged, and each set capable of combining in a particular direction any wave¬ 
lets reflected from the individual planes of the set. The pattern obtained in the 
Laue experiment showed clearly the symmetry that one would expect on the 
basis of this conception inasmuch as there were a number of spots symmetri¬ 
cally grouped about the axis, and there was symmetry within each individual 
group. The positions of these spots of reinforcement can be calculated but 
the procedure involved is both complicated and tedious and in the practical use of 
the Laue diffraction patterns in industry conclusions are based on standardized 
patterns. 

57.2. The Bragg Law and the Bragg X-Ray Spectrometer. W. H. Bragg, 
and his son, W. L. Bragg, approached the problem in a very much simpler way 
by making use of the x-rays reflected from a particular set of planes rich in 
atoms and parallel to one of the natural cleavage planes of the crystal. The 
diagrams of Fig. 57-2 should make the principle clear. In (a) is shown a typical 
cubical crystal, such as that of common salt, having 
Na and Cl atoms arranged in the systematic manner 
indicated. In (b) is represented a section of the 
crystal with lines representing layers of atoms. Con¬ 
sider the wave front, OS, advancing in the direction 
OP from a target sufficiently distant that the wave 
front may be considered as plane. The portion of the 
wave striking at T would, if reflected, pass through 
P at the same instant it would have reached V if it 
had not suffered reflection. But the wave front at S 
will have reached only the point U when 0 arrives 
at P. This means that any wavelet reflected at T 
will be retarded by amount VV with respect to the 
portion reflected at P. The distance UV is seen by in¬ 
spection to be equal to 2d sin $ where 9 is the glanc¬ 
ing angle and d is tlic distance between the planes of 
the atoms as indicated. If the wavelets originating at 
T and at P arc to reinforce each other the distance 
UV must be an integral number of wave lengths. Hence it follows that if n is 
an integer, then n\ = 2d sin 6. This is the famous and exceedingly important 
Bragg law. It was assumed earlier that the angles of incidence and of reflection 
arc equal but it can be shown now theoretically and experimentally that effec¬ 
tive reinforcement occurs only when such is the case. With this condition satis¬ 
fied it should be possible to bring various wave lengths into a condition of rein¬ 
forcement simply by varying the glancing angle and also to calculate the wave 
lengths lu'oviding either the grating spacing or some particular wave lengtli is 
known. Bragg’s x-ray spectrometer is shown diagrammatically in Fig. 57-3. 
X-rays from the target are passed through two collimating slits and .strike the 
crystal, C, at a glancing angle of $ as indicated. On the movable radial arm is 
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Fk;. 57-2. fa) One type of 
cubic crystal, (b) Geo¬ 
metrical figure for deriv¬ 
ing the Bragg law 




G5S X-RAYS^THEORETICAL AND QUANTITATIVE CONSIDERATIONS 


mounted an ionization chamber, I, containing an electrode by which a field can 
be established by a high-potential battery, B, between it and the case of the 
chamber. Any x-radiation entering the chamber through the slit system will 
give rise to an ionization current proportional to the intensity of the radiation. 
To determine the distribution of intensity within the “spectrum^^ of the radia- 



Fin. 57-3. Schematic arrangement of a Bragg 


x-ray spectrometer 


tion emitted from the target then 
one has merely to see that the angles 
of incidence and reflection are equal 
for any setting and to read the in¬ 
strument, E, which gives the ioniza¬ 
tion current. 

To determine the value of A for 
any particular setting of the instru¬ 
ment it is necessary to know the 
grating space, d. In the case of 
cubical crvstals, such as those of 


common salt, it is possible to calculate this spacing since the density of 
the crystal, 2.163 gm/cnv\ the atomic weights of sodium, 23, and chlorine, 
35.45, and Avogadro’s number, 6.025 x 10-=*, are all known. The number of 

molecules in 1 cc of a crystal of NaCl is: X 6.023 X 10’-^ = 22.31 X 10=' 

and the number of atoms = 44.62 X 10=*. Therefore the number of atoms along 
each edge of the unit cube of this crystal is given by the cube root of this num¬ 
ber, or 3.548 x lOS and the distance between them is 1 cm/3.548 X 10^ or 


2.814 X 10“* cm. Now suppose a strong ionization 
current is observed when 0 is 10°, and that it is a first- 
order spectrum, meaning tliat r? = 1. Then A = 2 X 
2.814 X 10-® X 0.17365 == 0.976 X 10"® cm = 0.976A. 
The angle which would bring in the second order of 
this particular wave could be computed from the 
Bragg relation thus: 2 X 0.976 = 2 X 2.814 sin 
Tiie student is asked to compute 

57.3. X-Ray Spectrometry—General Radiation. 
Early it was found that each element, when used as a 
target, emits two types of radiation. One of these, 
called general radiation, corresponds to the white 
light in the range of visible light radiations. Super¬ 
imposed on this is a scries of definite frequencies, pro¬ 
vided the voltage is sufficient to produce them, which 
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e'50kv 
^40 kv 
V35kv 
^30kv 
sA/25kv 

\A 20 kv 
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Fig. 57-4. Intensity distri- 
Inition of general radia¬ 
tion within the x-ray'^pec- 
trum for the voltages 


show high intensity and correspond to the frequen- indicated 

cics responsible for the line spectra in the visible 

region. These constitute the characteristic x-radiation of the element. Con¬ 
sidering only the general radiation it is found that the intensity distribution 
within the spectrum depends on the wave length and also on the voltage im- 
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pressed on the x-ray tube in the manner suggested diagrammatically in Fig. 
57-4. It will 1)0 obsorv'cd that for each potential on the tube there is a definite 
minimum wave length present, but no definite upper limit, and that the higher 
the voltage the greater the intensity at all wave lengths. The area under the 
curve is proportional to the intensity and varies approximately as the square 
of the voltage. The general form of the distribution curves would be the same 
whatever the element of the target, provided no characteristic radiations fall 
within the range selected. In the case of tungsten the characteristic radiations 
fall at 0.209 and at 1.473A, hence outside the range shown in Fig. 57^. 

The quantum theory provides a simple explanation of the fact that there 
is a minimum wave length for each tube potential. The energy in ergs of an 
electron of charge e statcoulouibs falling through a potential of V* statvolts is 

h c 

given by the product eV. The energy in ergs of a quantum is hv or where c 

A 

is the velocity of light. The shortest wave possible, therefore, will be that which 
is emitted when the nature of the collision of the electron is such that all its 
energy is imparted to the photon arising from the collision. This means that 

/? c he 

eV = — or A = . Substituting the known values of h, c, and of e, and 

A cl 


replacing V' by its equivalent in kilovolts, T', by using the relation y' = 
it follows that: 


1,000T^ 

300 


X = 


6.024 X 10-=7 X 3 X lO’*’ 


4.8022 X 10-“" X l,000r 300 


12.415 X 10-^ 12.415 , 

- * cm or —r:— A 


V 


V 


This mav be written also in the form xV = 12.415 whore V is in kilovolts and 

V 

A is in Angstrom units 

57.4. Characteristic X-Radiation. If the region covc'red by such a distribu¬ 
tion curve as given in Fig. 57-4 should include any of the characteristic radia¬ 
tions of the target, as is likely to be the case then the distribution curve will 
show a peak for each of the characteristic radiations emitted by the target and 
will have the form shown in Fig. 57-5(a). A A'dovoltage of 100 ai)plied to an 
x-ray tube having a tungsten target yields a curve showing an extended series 
of peaks. These spectral ‘dines" can be rejiresented conveniently, as shown in 
Fig. 57-5(b), !)>' a group of vertical lines. In this figure are included the spectra 
of several other elements of interest in x-rays. Exact values are given in a later 
table. For reasons which will appear in a later section these groups of lines have 
be called the K, L, and .1/ series. (No N series is included in (b). Notice that 
the higher the atomic nurnlier the shorter is the wave length of each of the 
characteristic radiation groups of the clement. 

57.5. Moseley’s Discovery. It was observeil early that the spectra for the 
various elements were much simpler than the optical spectra and very similar 
for the different elements, except that in the case of the liglitca- elements the 
N and the M lines wouhl not appear. Moseley observed that if one pliotographs 
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the spectra in a series of elements arranged in the order of their atomic numbers 
the wave lengths shorten in a systematic manner as indicated in Fig. 57-6. If 
an alloy is used for the target then the lines of each element included in the 
alloy will appear in the spectrum. Observe, for example, that the spectrum lines 
of both copper and zinc, but of no other metal, appear in the spectrum of brass, 
their alloy. Similarly the lines given out by a chemical compound of an element 
will appear at the same point in the spectrum as they would appear if the pure 
element were the source. All these facts point to the definite conclusion that the 
x-rays have to do with atoms, not with their chance associations in alloys or in 



0.1 0.2 0.3 0.4 A 

(a) 



(b) 

Fio. 57-5. (a) Peaks showing characteristic x-radiation superimposed on curves giving 
distribution of general radiation, (b) X-ray "Spectral lines” for several different ele¬ 
ments consisting of vertical lines drawn to represent the wave lengths of the char¬ 
acteristic x-radiations 

compounds. jMoselcy made the further important observation that if the square 
root of the frequency of the emitted radiation in each series be plotted against 
the atomic number of the emitting element an approximately straight line is 
obtained. (Actually each series should show several closely spaced lines.) In 
this work Moseley observed certain discontinuities in the lines, which he cor¬ 
rectly interpreted as signifying possible elements not yet discovered. This 
stimulated the researches for the missing elements which led to the discovery, 
or to the synthesis of each of the missing elements. 

57.6. Explanations of the General and the Characteristic X-Radiations. 
The quantum theory and the Bohr-Rutherford atom provide an explanation 
of the various lines in the characteristic spectra but the general spectra must 
be explained on the mechanics of their production and the process is rather 
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complicated. The various diagrams given in Chapter 55 on atomic structure 
are consistent with the apparent fact that atoms are mostly space, and make it 
obvious that an electron shot into an x-ray target must in general pass near a 
great many electrons without actually making a hit sufficiently direct to dis¬ 
lodge an electron from its own shell. The probability that an electron will lose 
its entire energy in a single collision and give rise to a photon of equivalent 
energy is relatively small. Most of the 
energy is converted directly or through 
stages of degradation into heat within 
the target itself; that is, into the kinetic 
energy of its atoms. In the case of a 
ncarly-direct impact of a bomhanling 
electron on an orbital electron of the 
atom the initial energy may be divided 
between the two electrons and each may 
give rise to a photon, possibly a series of 
photons which bear no relation to the 
parent atom. In addition this atom will 
emit a photon characteristic of the atom 
as the lost electron is replaced. 

Also, any high energy photons pro¬ 
duced can photoclcctrically eject sec¬ 
ondary electrons which behave within 
the target exactly as though they had 
come from the cathode of the tube oi)er- 
ating at a lower potential. Thus the 
energy-exchange between electrons, pho¬ 
tons. secondary electrons, secondary photons, tertiary electrons, and so on, may 
continue, the energy running down, step by step even through frequencies below 
the range of x-rays, until at last there is only heat energy, as suggested in the 
preceding paragraph. Less than one per cent of the energy of 100-kv electrons 
striking a target is converted into usable x-radiation. The efficiency is higher 
at higher i)otentials. In the case of a “Compton impact” there is a direct sharing 
of momentum and energy between a j>hoton and an electron after which the 
photon has a lower frequency, but both the photon and the electron will follow 
the nin-down process just described, independently. Thus one may account 
for the continuous or general spectrum, although rather vaguely since the 
process is not sufficiently understood to make it possible theoretically to ac¬ 
count for the form of the distribution curve. 

The characteristic radiation can be explained satisfactorily on the same basis 
as the optical spectra, by making use of the usual diagrammatic re|)resentation 
of the Rutherford-Bohr atom or its eciuivalent, as given in Fig. 57-7. When an 
electron is disidaced from any shell its place will be filled immediately by an 
electron, generally from another shell of the same atom. The energy released 
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thereby will be radiated with a frequency given by the relation: hv = E 2 — Ej^, 
where E^ and E-^ represent the energies corresponding to the two shells con¬ 
cerned. Referring to the diagram it is easy to see that many simple relations 
should hold. For example, Em - Ek = (Em - El) + (El - Ek) from which it 
follows hvK^ = hvL^ + huKa or vk 0 = vlc, + Thc experimental check on 
this relation gives beautiful support to the quantum theory. If only an outer 
shell is concerned the frequency falls within the visible, rather than the x-ray 

range. If the atom is a light one it will 
be incapable of giving out any radiation 
of an x-ray frequency since not enough 
energy is involved in the removal of 
even its innermost, the K electron. But 
in the case of a heavy atom, such as 
those used for x-ray targets, an electron 
must have very high energy in order to 
remove either a K or an L electron. In 
the case of tungsten these energies are 
respectively 69.3 and 8.43 Kev (ab¬ 
breviation for thousand electron volts), 
respectively. In strong contrast only 
1.53 Kev would be required to remove 
the K electron from an atom of alumi¬ 
num. The corresponding x-radiation would be of little use. It should now be 
clear why only atoms of high atomic number can be of practical use as x-ray 
targets. Tlie K radiation of any atom could hardly excite the K radiation of 
any like atom, but it could excite directly, or produce a secondary electron 
which would be able to excite its own L or M radiation, or even the K series 
of any atom having a lower atomic number. In the accompanying table arc 
given the wave lengths of certain (only) of the characteristic x-radiations 
emitted bv a few elements of interest in x-ray work. This table is supplemental 
to tiie graphical “spectra” shown in Fig. 57-5(b). 



Fig. 57-7. Representation of the differ¬ 
ent “shells” of electrons about the atomic 
nucleus and possible transitions of elec¬ 
trons 


T.\hle 57-1. W.wE Lengths of X-R.\y Emission Lines, 

IN Angstrom Units 


Element 

Atomic 

Xo. 




Aluminum. 

13 

S.319 



Copper. 

29 

1.537 

13.306 


Molybdenum. 

42 

0.708 

5.395 


Silver. 

47 

0.558 

4.146 


Tungsten. 

74 

0.209 

1.473 

6.969 

Platinum. 

7S 

0.1 S52 

1.310 

6.034 

Lead. 

82 

0.165 

1.173 

5.274 
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57.7. The Absorption of X-Rays by Matter. The rather ooinplicated process 
which was described in a preceding section as taking place in the target is in¬ 
volved to a lesser degree in any body which intercepts the x-radiation emitted. 
Some of the photons pass directly through without even deviating from their 
original path. Some photons will suffer deflection due to an elastic reaction with 
an electron but will lose no energy. These are said to suffer unmodified scatter¬ 
ing. A photon may so closely api)roach a loosely attached electron that a share 
of its momentum and its energy is given to the electron. In such a case the 
electron recoils and the photon takes a new direction with a reduction in fre¬ 
quency depending on the change in its direction. This is a case of modified, or 
Compton scattering, which in the case of the light atoms accounts for the 
major losses from the beam. The energy of a photon which is absorbed by an 
atom as a whole is nearly all given to one of its electrons, which is ejected with, 
a velocity in keeping with the energ>' acquired. This is a case of photoelectric 
absorption. This type of absorption is likely to take place in only the case 
of an action by the incident photon on an electron in an inner shell; that is, 
on one that is tightly bound to the nucleus. The probability of photoelectric 
absorption varies approximately as the fourth power of the atomic number 
and as the third power of the wave length throughout ranges of wave lengths 
which do not include the characteristic waves of the absorbing clement. This 
is known as Owen’s law. 

Obviously the variations in absorption suggested by Owen’s law must play 
an important part in the practical applications of x-radiation. There are at 
least traces of many elements in the body though the more abundant ones, 
hydrogen, oxygon and nitrogen and carbon, have relatively low atomic weights. 
But the bones, for example, contain the much heavier elements of calcium and 
phosphorus. The atomic numbers of hydrogen, oxygen, calcium, and phosphorus 
are 1, 8, 20 and 15, respectively. The relative effectiveness of the absorption of 
the bone, assumed to be CajJPO^lo tissue, largely water, PLO, assuming 

a constant wave length, is given by the ratio: 

3 X 20^ -f 2 X (15^ + 4 X 80 ^ 014,018 ^ 

2 X H- 8^ 4,098 

In making diagnoses having to do with the alimentary canal the patient is 
likely to be given a drink heavily loaded with barium sulfate, BaSO^. It is sug¬ 
gested that the student compare arithmetically the ab.sorption of this compound 
with that of the tissues. In a similar manner it could be shown that the contrast 
between various soft tissues should be brought out much more effectively by 
using soft radiation since the absorption increases with A^, an important point 
to observe in making diagnoses. 

57.8. Quantitative Aspects of Absorption. In the case of monochromatic 
radiation and a single-element absorber the decrease in intensity with dej)th 
follows a simple law that can be cxi)rcsscd with mathematical exactness. A\'hat- 
cver the wave length or the clement the decrease in intensity in a thin section 
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is proportional to the intensity of the radiation and to the thickness of the 
section. It is necessary to specify a thin section since the dcrease is not linear 
with thickness. The usual symbol employed as a prefix to indicate a small mag¬ 
nitude is A (delta). Using this symbol the law may be expressed thus: 
A/ = From this it follows: fi = -A//(/Ax). The meaning of this equa¬ 

tion is suggested by Fig. 57-8. Expressed in words this equation states that fi 

A] Absorbed 

Fig. 57-8. The intensity of an x-ray beam de¬ 
creases as it passes through matter 


(Greek letter, mu), called the linear coefficient of absorption is the ratio be¬ 
tween the fractional decrease in intensity and the increment in thickness caus¬ 
ing the decrease in intensity. If Ax is taken as 1 cm, as is usually the case, then 
fi is the fractional decrease in intensity per centimeter (hence expressed cm-^. 
Since this fractional decrease does not depend on the intensity it follows that /* 
is a constant for any one wave length, but depends materially on the wave 

length, as shown by the curve of 
Fig. 57-10. To show more clearly 
the manner in which intensity falls 
off with thickness, assume that for 
a certain monochromatic radiation 
the value of /a is 0.12 cm“*, and that 
its initial intensity is 100. After 
passing through a thickness of 1 cm 
the intensity is only 88 (that is, 

(1 - 0.12)100 = 0.88 x 100). The 
intensity after 2 cm is 0.88 x 88 = 

77.44, and after 3 cm it is 0.88 X 
77.44 or 68.15. It is seen that the 
decrease pcr-centimeter drops with 
increasing depth and is in keeping 
with the intensity itself. The mode of variation may be more clearly understood 
through a study of the graphical representation of this example, given in Fig. 
57-9. Curves of this type are frequently met not only in mathematics but in all 
sciences and are known as exponential curves. In this case it graphically 
represents the exponential equation 7 = where I is the intensity at a 

depth X of a beam whose initial intensity was Iq. (Here e is the base of the 
natural or Naperian logarithms.) Actually the equation gives a more accurate 
curve than the method used above, particularly if the absorption is so great 
that A/// for 1 cm is a large fraction. For such a case 1 mm would be a better 

unit of thickness. 



Fig. 57-9. The intensity of a monochromatic 
x-ray beam decreases exponentially as it 
passes through uniform matter 
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It must be obvious from the curve that the value of I can never reach zero, 
hence it is impossible to state the thickness of any material that would absorb 
all of any radiation. But it is possible to give a definite value to the thickness 
that would reduce the intensity to half its initial value. Such a thickness is 
known as a half-value-layer (HVL). In the case of monochromatic radiation 
the HVL can be calculated from a known value of /x, or conversely the value 
of /I can be calculated from an experimentally determined HVL since it can be 
mathematically shown that the exponential equation given above leads to the 
relation: HVL = 0.693/^. This simple relation may be applied to any case of 
exponential decrease whether pertaining to the thickness of an absorber or the 
activity of a radioactive substance which decreases with time. The HVL for 
the example given is 0.693/0.12 = 5.775 cm. The quality or hardness of a beam 
may be described by stating the HVL of copper, or of aluminum. Actually the 
exponential law applies to only monochromatic radiation. For heterogeneous 
radiation the curve would be the summation of the curves for the various com¬ 
ponents in the incident beam. Obviously the soft components would fade out 
rapidly, so that the effective coefficient of absorption gradually falls to lower 
values as the thickness of the material increases, and its value for the last 
unit of thickness would be quite different from its value in the first unit of 
the absorbing body. In medical radiology practical use of this principle is seen 
in the common practice of placing sheets of aluminum or of other metals, called 
filters, in the path of the beam of x-rays in order to remove from the beam its 
soft components which otherwise would be absorbed by the skin and might 
cause “skin burns.” 

The symbol, /x, really represents the apparent coefficient of linear absorp¬ 
tion and for some purposes it is desirable to differentiate between true absorp¬ 
tion and scattering, but this cannot be undertaken in tlie present treatment of 
the subject. It is the common practice, however, to list in tables the absorption 
per gram of the absorber rather than the absorption per centimeter of path in 
the substance. This coefficient is known as the mass-coefficient of absorption 
and is given by the ratio of ^ to the density p in grams per cubic centimeter; 
that is by fi/p. The curve shown in Fig. 57-10 indicates the variation in the 
mass-coefficient of silver with wave length. It will be observed that there is an 
abrupt fall in the absorption by silver at the wave length of 0.486 A. Any 
photon with a longer wave would have insufficient energy to remove a K elec¬ 
tron from an atom of silver, hence there is no absorption of radiation by the 
K electrons beyond tliis critical wave length. This fully explains the drop in 
the absorption at this point, hence the high transmission at slightly greater 
wave lengths. Incidentally it shows also the importance of the inner electron- 
shells since there are really only two electrons in any K shell. There is a similar 
discontinuity at the L-limit except that the drop in absorption has a triple saw¬ 
tooth form due to the three sub-shells at the L-limit, the first drop occurring 
at 3.51 A. Beyond this limit neither the K nor the L electrons absorb the inci¬ 
dent x-radiation. It is important to note that, if the incident radiation is oscil- 
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lating about the critical value of 0.486 A, the absorption by the silver in the 
photographic film would depend most critically on the spectral distribution of 
the incident radiation. Failure to keep this effect in mind has been responsible 
for many disappointing plates and erroneous conclusions. The mass-absorption 
jumps by a factor of 6.4 as this limit is passed, as indicated in Fig. 57-10. 



0 0.2 0.4 0.6 0.8 1.0 A 


Fig. 57-10. The mass-coefficient of absorption of any element shows a sharp discon¬ 
tinuity at the wave lengths corresponding to its characteristic x-radiations 


To show the wide variation in fi/p among the elements and with wave lengths 
the following brief table is included. The kilovoltages (kv) included in the 
table are computed from the wave lengths given, using the relation previously 
established: X(kv) = 12.415. 


Table 57-2. Mass Coefficients of Absorption (m/p) for Several Elements 

AND Wave Lengths 


X ! 

Kv 

C 

0 

A1 

Cu 

Ag 

rt 

5.17 A. 

i 2.4 

IGO 


1350 

1190 

790 


1.0. 

12.4 

1.36 


14.12 

130 

73 

r'5 

0.497. 

24.97 

0.315 


1.90 

18.4 

10.5 

47 

0.064. 

194 

0.130 

0.130 

0.130 

0.198 

0.465 

1.52 

0.005. 

2480 

0.03S5 


0.038 

0.038 




Only the first two columns show any regularity. The wide variations in the 
others reflect the complexity of the phenomenon and the influence of the dis¬ 
continuities in absorption shown in Fig. 57-10. 

57.9. The Bucky Diaphragm. The ratio of the intensity of the modified 
x-radiation resulting from Compton scattering to the unmodified radiation may 
be as high as 4 or 5 for many of the materials in the tissues of the body (the 
ratio is 5.48 for C). This means that a picture taken by transmitted x-radia¬ 
tion of the trunk of the body would show the different internal features no 
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more clearly than would a picture of a landscape show the details of the land¬ 
scape if taken in a fog. Only the nearby features would be distinct in either 
case. The difficulty is shown graphically in Fig. 57-11 (a). It would be even 
more serious if the limiting cone were absent and it should be apparent why 


in diagnostic work the smallest cone 
which can include the body part under 
examination would be chosen. The Pottcr- 
Bucky diaphragm, shown in (b) largely 
eliminates the trouble. It is constructed 
by using alternating layers of lead and 
wood strips, having the proper thinness 
and width to ensure the absorption of all 
the obliquely scattered x-radiation with¬ 
out absorbing more of the undeviated 
radiation than necessary. Note that the 
wood spacing-strips are given the correct 
inclination to ensure that all the inter¬ 
lead spaces point toward the target. Since 
a stationary diaphragm would result in 
superimposing on the x-radiogram of the 
body parts a series of light and dark lines 
due to the grid itself, means of moving 
the diaphragm along the arc of its cylin¬ 
drical form is provided. The high speeds 



Fig. 57-11. Sharper x-ray films are 
obtained when a Potter-Bucky dia¬ 
phragm is used to absorb scattered 

x-radiation 

made possible by the rotating-anode 
Potter-Bucky diaphragms as well. It 
diaj)hragm greatly increases the 


x-ray tubes make necessary high-speed 
must be realized, however, that the use of the 
x-ray energy required. 


Problems 

1. A hospital has acquired a 400-kv deep-therapy x-ray outfit. What will be the 
shortest wave obtainable from it assuming (a) the voltage is constantly at 400 kv and 
(b) the root-mean-square voltage is 400 kv? (Aus. 0.031 amp, 0.0219 amp) 

2. Tungsten, molybdenum, and platinum have each been used as targets in x-ray 
tubes. What voltage would have to be used in each case to excite the (a) A-radiation 
and (b) A-radiation? (Use data found in the table.) 

3. Assuming monochromatic radiation (why?), fin<l the intensity of a beam of x-rays 
which has passed through 4 mm of copper if 1 mm was found to cut the intensity 
from the initial 100 to 70. (Ans. 24.0) 

4. Assuming a linear coefficient of absorption of 0.10 em'S calculate the intensity at 
depth intervals of 1 cm for the total depth of 8 cm and plot the values on graph paper. 
Check whether the fIVL value shown by the curve is that which would be obtained 
from the relation; (IIVL) x /x = 0.693. 

5. Assuming the absorption of the x-rndiation increases with the cube of the w.ave 
length compare the absorptions of the A'-radiations of tungsten and of !noi>bdemim. 
Why must it be assumed also that the absorber itself has no characteri'fic radiations 
in the region of the wave lengths concerned? {Aus. Al)s„o/Absw = 30.2) 



60S X-RAYS—THEORETICAL AND QUANTITATIVE CONSIDERATIONS 

6. How much heat, in calories per second, will be generated in the target when an 
x-ray bulb operating at 100 kv carries a direct current of 5 milliamperes, assuming one 
per cent is given out as x-radiation? 

7. Compare the absorption of BaSO* with that of tissue (assumed H 2 O), also with 
that of bone, following the example and using the numerical values given in this chap¬ 
ter. How would the absorption of a lead bullet compare with that of the tissue? The 
atomic numbers needed are: Ba—56, S—16, P—15, 0—8, H—1, Pb—82. (Am, 2420:1; 
16.15:1; and 11,010:1) 

8. At what glancing angle should the face of a common salt crystal be set with 
respect to the incident if-radiation beam from a tungsten target in order to obtain the 
maximum current through the ionization chamber of a Bragg spectrometer? Assume 
d is 2.814 X 10'® cm, and the first-order spectrum. 

9. Repeat Problem 8 for the second- and the third-order spectra. (An^. 4®15', 6®23') 


Suggested Readings 


See list at the end of Chapter 56. 
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Radiology, Biological Action of X-Rays, 
and X-Ray Therapy 

Few discoveries in Physics have such a wide variety of applications as have 
x-rays. Roentgen recognized at once the obvious medical applications but their 
use as a tlierapeu tic agent and in industry could hardly have been yisj^alized. 

Indeed the application of x-ravs is still being extended to new fields. The in- 

^ — ' 

dustrial and the biological uses of x-rays have much in common, yet in prac¬ 
tice the scope of the work is so different that the equipment itself has become 
specialized, in order to meet the more important specific requirements. The 
inillion-volt installationJ ihat can take care of metal castings many inches thick 
is far different from the compact, low-voltage plant which would be suitable 
for examining the structure of a plant or of textiles. Yet in either case one may 
make use of a fluoroscope or of the photographic film to secure the information 
sought. The tubes and accessory equipment for the treatment of deep-seated 
tumors would need to be of a still different type, and neither fluoroscopes nor 
films are needed. 

58.1. Industrial Radiology. Only a brief outline of the many industrial uses 
of x-rays can be included. The earliest and most widely employed applica¬ 
tion of x-rays has to do with the detection of defects in castings, welds, and the 
examination of assembled instruments. In Fig. 58-1 is shown an example of 
a defect which can be discovered and appraised without destructive and ex¬ 
pensive measures. In the absence of such tests considerable work may be done 
in machining a casting before the discovery of an interior cavity, or such a 
defect may even escape detection until it leads to failure. It has become the 
routine procedure to examine all castings which are to be made into key-parts 
of an airplane, as well as important welds in the structure of its frame in the 
interests both of economy and of safety. Obviously less material need be used 
if it can be made certain that that which is used is free from defects. It is tlie 
common practice to mount x-ray equipment for industrial uses on suitable 
trucks so as to make it possible to move it to the objects to be inspected. Tliis 
is an important advantage since the industrial objects to be inspected are 
likely to be very bulky and unwieldy. In all such uses a fluoroscope may he em¬ 
ployed, but the general practice is to use photographic films because they pro¬ 
vide a permanent record, giving more time for an examination. Also less 
exposure of personnel is involved. Since scattered radiation might prevent the 
detection of fine holes or cracks in the body of a casting it is important that 

cm 
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this bo suppressed as eompletely as possible. Steps taken for this purpose in¬ 
clude the use of very high potentials, the blocking of radiation scattered from 
thin sections by lead shields or by immersing the object in a liquid having 
practically the same opacity to x-rays, and the use of lead foil intensifying 
screens pressed against the film, in place of the more usual fluorescent screens. 



Fig. 5S-1. (a) Radiograph of a cast steel cylinder containing hidden cavitie.s along 
the axis due to shrinkane. (h) A change in the procedure ol casting led to a satisfactory 

tcchni(iuc (Courtesy of Eastman Kodak (‘o.l 


58.2. Miscellaneous Practical Applications. Tiic versatility of x-ray tech- 
nifiues may be indicated by the mere listing of typical uses made of x-radiations. 
The examination of coals and of ores to determine presence and extent oi tor- 
eign materials; ruliber tires for the ju'esence of nails or other foreign hodic.-, 
as well as for internal breaks or imperfections of the bonding of cords; golf 
balls for centering of cores; wood for cracks, wormholes, knots, nails, and the 
like, especially in the case of wood to be used in airplanes or for other critical 
purposes; porcelain and other insulators, spark idugs and the like for the pres¬ 
ence of metal inclusions: location of wires and of pijH's in floors or in wall>, 
trunks, ])ackages, and even persons for contraband articles; alignment ot parts 
in radio tubes, instruments of various sorts, and other manulactured articles. 
At i)resent routine fluoroscopic examination is being made of tobacco and ot 
many kinds of food products on moving belts, trays, or in packages; for ex¬ 
ample, boxes of candy for mineral or metal fragments or objects. Even the 
quality of oranges and many other footls can be judged fluoroscopically. 

The development of an extremely fine-grained photographic emulsion makes 
possible a new application called microradiography. Thin slices of a metal 
or of a biological specimen may be placed directly on a film and then tlie print 
obtained enlarged up to i)os<ibly 100 times. The microradiograi)hs thus ob¬ 
tained may reveal the cr>>tal or other structure throughout the body of the 
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saini>lc, thereby giving information unobtainable from a surface examination 
by an optical or even an electron microscope, and the procedure requires no 
tedious polishing of a surface. The use of very soft (perhaps 4000-volt) x-rays 
in the study of insects, flowers, body tissues, to mention a few examples, is in¬ 
creasing. It has the advantage of requiring no dissection and may be carried 



Fio. 5S-2. Radiograph of a cicada taken with very soft x-rays (Courtesy of Eastman 

Kodak Co.) 



Fig. 5S-3. Radiograms of flowers taken with soft x-rays, (a) Ro.<e. (b) Columbine 

(Courtesy of Eastman Kodak Co.) 


out even on living specimens. Figs. 58-2 and 5S-3 give examples of radiograph.-^ 
obtained in this manner. 

58.3. Medical Radiography. The earliest uses of x-rays had to tlo with the 
study of fractures and the location of foiadgn bodies such as bidlets, j^ins. and 
the like, and the examination of teeth prior to treatnuait t>r extraction, Fresent- 
(lay use.s include also applications to many problems of diagno.'is; \or e\:imj)le, 
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diagnosis of tumors, incipient tuberculosis, stones in the kidney and in the gall 
bladder, diseases of the liver, alimentary canal and the pelvic organs, and 
especially to problems relative to pregnancy. In the examination of the ali¬ 
mentary tract emulsions or suspensions of such relatively opaque substances 
as barium sulfate are given to the patient and followed by x-rays throughout 
the portion of the tract under examination. In some cases the injection of gases 
is used to throw into relief parts to be examined, in other cases heavy atoms 
such as those in iodized oil may be introduced into ducts or into cavities to 
study their form and continuity. X-rays are of great value in the study of 



Kic,. Typical Medical radiographs, (a) Back and oblique views of hand .diow 

that the needle is on the palm side of the bones, (b) Lung partially filled \Mth lipio( o 

reveals injury previously done by bronchiectasis 


nutritional factors in relation to tooth or bone structure and in the study of 
rickets and tuberculous calcifications. 

.\s suggested in the previous chapter the tcclmique employed in medical 
radiology requires only moderate tube voltages, generally much less than 100 kv 
but adjusted to the thickness and part being examined. But time of exposure 
must be made very short to avoid blurring due to motion and the milhampcrage 
through the tube therefore must be very high; a current as large as 500 milli- 
amperes mav be used in examinations of the chest. A few rather unusual roent 
genograms are shown in Figs. 58-4 and 58-5. The two-view roentgenogram 
shown in Fig. 58-4(a) makes it possible to localize the needle. Observe that 
the left one does not reveal whether the needle is above or below the bones—a 
])oint which is cleared up by the side view. The lung partially filled with hpiodol, 
shown in (b), reveals the injury done previously l>y bronchiectasis by making 
clearly visible a jiortion of the damaged bronchial system. Fig. 58-5(a and )l 
reveal two widely separated stages in the repair and healing of a fracture 
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femur, of particular interest to physicists since the accident with the drill left 
two kinds of metals in the same medium. How much of the weakening of the 
bone structure about tlie drill is due to electrolytic action and how much to 
any nontolerance of the metal of the drill is dillicult to say. Certainly the screws 
aj^pear to be rigidly held in comparison. (The author is indebted to the Radio¬ 
logical Department of the Toronto General Hospital for permission to use the 
roentgenograms of Figs. 58-4 and 58-5.) 



Fig. 55^5. (a) and (h) show healed and early stages, respectively, in the repair and heal¬ 
ing of a fractureil femur. Note the presence of a l)roken drill (Courtesy of Radiological 

departinent of the Toronto Ci(‘neral Hospital 


58.4. The Wilson Cloud Chamber. In Section 21.5 a description was given 
of a laboratory method of producing clouds by sudden expansion of humid air. 
In 1912 C. T. R. Wilson put this efYcct to a most important use by making 
visible the paths of ionizing particles. In fact the Wilson cloud chamber became 
the key to many of the discoveries in modern atomic and cosmic physics. Its 
imj)ortance is indicated by the fact that Wil.<on was awarded a Nobel priz e 
in recogniti on of his contribution to modern physical scienc e. 

Briefly stated the sclieme involves the production of a quick expansion of 
the gas, saturated with water or other vai)ors, in a closed chamber such as is 
shown schematically in Fig. 58-6(a), immediately after ionizing radiations 
such as x-rays, or ionizing particles such as electrons, protons, or helium 
nuclei, have pas.<ed through the enclosed gas. Since condensation of vaj)or 
occurs more readily on ions than on neutral particles, droplets form on the 
ions left in the trail of such particles, producing a row of droplet^ which ma'. 
be seen as a “track” by even the unaided eye, or photographed by (he metliod' 
of “flash” photograjihy. The closeness of the droj)s within the path must iie- 
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ptiid on the nature and the velocity of the ionizing particle; a high-speed elec¬ 
tron ionizes so few molecules that the droplets may be seen individually, as 
shown in Fig. 58-6(b). A proton or a helium nucleus is a much more effective 
ionizer and the droplets formed along the path of such a particle arc so close 



Fig SS-Ti. (n) Schematic arrangement for taking Wilson cloud chamher ])liotographf'. 
(b) Track of a high-speed elccrron ami also tracks of slow-speed electrons (A<lai)te(l 

from Kiitherford, et al.) 


together that they form a continuous white line such as sliown in Fig. 59-3fa). It 
is not difficult in most cases for one wlio is skilled in the interpretation of W il- 
son cloud chamber photographs to i<lentify the particle producing a iiarticular 
track. At this point the reader should glance through the remainder of tlic text, 
observing tlie various Wilson cloud photograplis which are included. 



5S-7. Wilson clo\id chamber photograph showing tracks of low-speed electron- 
ejected from atoms .-truck by x-ray i)hofons in a narrow beam of x-rays 

The tracks arising from tlie passage of x-rays through a Wilson cloud chain- 
ber are of particular interest in the present discussion. The photograpli ot ig- 
58-7 reveals the nature of the action of x-rays on matter m general. i-'' ■ 
that the narrow beam or "ray" wliioli passed through did not leave an> tr.u^ 
observable as such, but the electrons which were ejected from the atotns strm 
by photons had circuitous paths, individually, and these had wkIcIv varia » c 
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directions. Thus it is seen that the major effect of x-rays passing tlirough mat¬ 
ter must be due to tlie photoelectrons they eject from the occasional atom. The 
beginning of each electron track marks tlie end point of one of the photons in 
the original beam of x-rays so far as photoelectrons are concerned. In the case 
of electrons arising from Compton scattering there would be also a surviving 
but diverted photon of reduced energy. The importance of the Wilson cloud 
chamber in the present discussion lies in the fact that it provides a vivid pic¬ 
ture of what takes place when x-radiation or any other ionizing radiation is ab¬ 
sorbed in the human body. It is true that the absorjition takes place in tissues 
rather than in a gaseous medium, but the fundamental process is the same. 

58.5, The Physical Action of X-Radiation on Living Cells. The photo¬ 
electrons and Compton electrons which arc produced by the passage of x-radia¬ 
tion through living tissues produce many “radio ions”; that is, atoms, molecules, 
and aggregates which have acquired or lost electrons. In complex molecules like 
those of protein, chemical changes are likely to be brought about before recom¬ 
bination can take place. The resulting substances may be so “foreign” to the 
cell that it may attempt the elimination of the new substance. Should the cell 
walls not permit this the ionic concentration may cause enough water to enter 
the cell to lead to swelling and bursting. Since this diffusion process fakes place 
more rapidly in the case of young cells or of cells in the process of tlividing, 
such cells are more radiosensitive than mature cells. Some believe that growth- 
l)romoting hormones may be jiarticularly sensitive and therefore their destruc¬ 
tion by x-radiation may account for the checking of the growth of cancers 
through the use of such ratliation. It is known that transparent protoplasm 
under radiation becomes turbid and that the state of aggi'egation of the i)rotein 
molecules changes in much the same manner as under direct chemical action. 
Cells undergoing division (mitosis) may complete it but they will tlien become 
(piiescent while other cells may not even initiate the ])rocess. Tims mitosis may 
be brought temporarily or permanently to a standstill tlirough irradiation. It is 
definitely established that chromosomes may be shrunk and caused to clump, 
some lagging behind, and in some cases entering the wrong daughter cell. The 
granular constituent of the cell, chromatin, may disintegrate and increase its 
bulk through swelling. All these effects may bring about changes in the linear 
arrangement and many other disturbances of the genes, hence it is not surpris¬ 
ing that visible mutations arc brought about through such radiations. These 
may exteml to bodily form, size, colorations, individual organs, fertility, reac¬ 
tion to light and to heat, and so on. ^^’hile nearly all of such ciianges are hdlial 
or detrimental, an occasional change may be beneficial. The changes may be 
bi-ought about by radiation either of the germ cells or of the embryo. 

58.6. The Radiosensitivity of Cells, Not only are young cells in gtmeial 
more radiosensitive than mature or a<lult cells but the various tyi)es of cells in 
any body vary widely in their sensitivity. It is tins fact that forms the basi- of 
x-ray and of radium theiapy, of identification of cells, and of some proci-dures 
in medical diagnosis. Lymi)hocytes, germinal cells, spleen, lymphatic ti>su<‘ and 



G76 


RADIOLOGY, X-RAYS, AND X-RAY THERAPY 

bone marrow are more than twice as radiosensitive as the skin which in turn 
has twice the radiosensitivity of fibrous tissue, three times that of bone, five 
times that of nerve tissue and ten times that of fat. Thus there is altogether a 
twenty-fold range in the radiosensitiveness of the cells of the body. Consider¬ 
ing organs as such, the blood-producing organs, genital glands, and the thymus 
are particularly radiosensitive, whereas the nervous system and the skeleton 
itself are quite resistant. Large doses of x-radiation may cause "x-ray sickness,” 
but this is probably due to the release of considerable quantities of the products 
of cell destruction accompanying or following the radiation rather than to spe¬ 
cific action on certain cells. 

58.7. The Time Factor and Recovery. While radiosensitivity is generally 
high in the case of cells having high reproductive and metabolic rates both 
the probability and the rate of recovery of such cells are correspondingly low. 
Hence both these effects are advantageous in the use of x-radiation in the 
treatment of tumors which are more radiosensitive than surrounding tissues. 
Complete recovery of normal cells is likely in the case of a light exposure, given 
adequate time; hence if the radiation given a tumor is spread over a long period 
of time by dividing the total dose into a number of small doses, the biological 
effect is far less than that produced by delivery of an intense radiation within 
a short time. This, coupled with the variations in radiosensitivity, enables one 
to treat effectively a deep-seated tumor without scarring or skin injury, since 
even small differences in susceptibility favor success. Four degrees of skin re¬ 
action are recognized. In the first, after a period of tanning complete recovery 
follows in from two to four weeks. The second degree is marked by eryUiema, 
vascular dilation, increased temperature, epilation and pigmentation, with re¬ 
covery after possibly 12 weeks. The third degree will involve also the loss of 
sweat and sebaceous glands and leave a scar and the permanent threat of a 
delayed malignant reaction. The fourth degree goes a step further and is likely 
to necessitate wide excision of the affected tissues. There is no clear evidence 
that x-radiation stimulates malignant growth nor that particular wave lengths 
possess any special virtues, contrary to claims which are sometimes made. 

58.8. Quantitative Aspects, The Roentgen or “r” Unit. Most of the un¬ 
favorable or even tragic results of x-radiation which characterized its early 
(and some present) use in medical practice grew out of the zeal to use the new 
radiation without a knowledge of its effects and without any reliable means 
of controlling cither its quality or the dose. Theor>', practice, and good instrii- 
ments have made possible a reasonable control of quality or hardness,^and t le 
adoption of a standard unit of quantity, known as the roentgen or "r” unit, 
now makes it possible to approach a truly scientific level in medical radiology. 
The International Congress of Radiology in 1937 adopted as the official uni 
dose the following: “The roentgen shall be the quantity of x- or gamma-radia¬ 
tion such that the associated corpuscular emission per 0.001293 gm of air pro¬ 
duces, in air, ions cariydng 1 ESU of quantity of electricity of either sign. 
(0.001293 gm is the mass of 1 cm^ of air under standard conditions of tempera- 
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ture and pressure.) A dose of 400 roentgens is written 400 r. The size of this 
unit may be judged from the fact that a tungsten-target x-ray tube carrying 
10 milliamperes and operating at 100 kv will deliver about 21 r/min at a dis¬ 
tance of 1 m, while a gram of radium at the same distance would give only 
about 1/75 r/min. To measure the intensity of a certain radiation one obvi¬ 
ously must determine the ionization produced by a beam of x-radiation within 
a definite quantity of air in a measured period of time. For this purpose a 
standard ionization chamber, having a form diagrammatically represented in 
Fig, 58-8 may be used. By means of a diaphragm the beam is limited to a defi¬ 
nite cross section and the length of the beam utilized is determined by the 
length of the plates by means of which the cross electric field is established 
and the ions collected. Observe that the upper plate, P, is given the maximum 



Fig. 58-8. Schematic arrangement of an ionization chamber for measuring the intensify 

of x-radiation (.Adapted) 

potential provided by the battery, B. Only those ions striking the central sec¬ 
tion of the lower plate, that is Q, will be received by the electrometer, E. The 
use of “guard plates,” GP, on either side of the central plate is a device used 
frequently in experimental physics to eliminate as far as possible the effect of 
any distortion of the field about the edges of the plate. Actually certain refine¬ 
ments, precautions, and corrections are involved in any precision determination, 
but they need not be considered in the present treatment. A basic requirement 
is, however, that the potential maintained on the plates must be sufficiently high 
to ensure that all ions produced are collected by the plate rather than given 
time to recombine; in other words a saturation current is essential. 

58.9. Energy Considerations. The equivalence between the roentgen and 
the corresponding energy in ergs/cmVsec should be of interest to physicists 
since the energy-- basis would be more directly related to certain absolute units 
already established. So far as energy expenditure is concerned it makes no 
difference whether the ionization produced in the standard ionization chamber 
is due to the initial radiation, to its photoelectrons, Compton electrons or to 
secondary, tertiary or lower orders of x-rays, for the energy required to pro- 
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duce an ion pair is the same in each case and amounts to roughly 33 electron 
volts. The number of electrons collected at the positive electrode per r unit is 
simply the number of electronic charges in one unit of charge. This number is 
1/(4.802 X 10-^*^) or 2.082 X 10^. It follows that the energy represented by 1 r 
unit is 2.082 x 10^x 33 x 1.60 x 10-12-0.110 ergs (1 ev = T60 X IQ-i^ 
ergs). Since there are 774cm3 of per gram under standard conditions it fol¬ 
lows that the energy absorbed in 1 gm of air would be 0,110 X 774 = 85 ergs, 
a quantity which has been called the gram roentgen. 

58.10. The Victoreen, The standard ionization chamber must be made very 
large in order to minimize the effect of the walls of the chamber and thereby 
ensure that the ionization measured is all due to the radiation absorbed within 
the defined volume of air. Such a chamber would be quite unwieldy in practical 
radiology and fortunately may be reliably replaced by a “thimble-type instru¬ 
ment, such as the “Victoreen.” The ionization chamber of this instrument is 
indeed about the size and shape of a thimble and is made from materials hav¬ 
ing the effective atomic weight of air. The wall is of bakclite or of lucitc, and 
the central electrode is of aluminum. The inner surface of the chamber is coated 
with carbon. Such a chamber is said to have “air walls” and its indications, 
after calibration against a standard ionization chamber, give reliable measure¬ 
ments. The ionization chamber is joined to a capacitor, the two together form¬ 
ing a removable unit which may be placed in the region where the dosage is 
to be measured. To make a determination this unit is placed in the meter case 
and the capacitor and chamber-wire arc charged to a definite voltage which is 
indicated by the position of the image of the electrometer fiber on the eyepiece 
scale. The charging is accomplished by rotating an amber disk, employing 
the methods of electrostatics. The chamber-capacitor unit is then exposed m the 
region of interest. Here the unit is discharged to an extent that depends on the 
total radiation received. After replacing the unit in the chamber the new po>i- 
tion of the fiber is read, directly in r units. By timing the exposure one may oi)- 
tain also the dosage rate. The instrument may l)c supplied with ciiamber-capaci- 
tors of different capacitances so as to adapt it to a variety of ranges. 

A simplified instrument called the “Minometer” provides fountain-pen sized 
removable units designed to be carried in tlie pocket of x-ray (or radium) ttcli 
nicians during their working day. This practice makes it possil)lc to guar( 
against using any techniques which expo.^e them to more radiation than the 
body can tolerate safely. Other instruments, many involving the use of radio- 
tube amplifiers or ami>lificrs together with Oeiger-Mueller counters (see next 
two chapters! afford higher sensitivity but are better suited for researcli labora¬ 
tories, at present, than for hospital use. 

58.11. Constancy Indicators and Integrating Meters. It is a common prac¬ 
tice to provide a simple ionization chamlier placed near tlie tube in such a 
position that the entire beam being utilized by tiie patient passe.s througli i , 
and connected to a voltage supply and microammeter for measuring tlie ioniza¬ 
tion current. Any variation in beam intensity may be observed with this ar- 
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rangement and, more important still, failure to insert the proper filter would 
be detectable at once, and serious x-ray “burns” averted. The integrating meter 
provides another safety feature. Obviously the total dose given in any treat¬ 
ment is fixed by the rate and the time, but if the rate fluctuates and the treat¬ 
ment is terminated by a set timer the 
dose given may differ considerably from 
that prescribed. With an integrator in 
control the treatment is ended when, and 
only when, the prescribed dose has been 
administered whetlier the time taken be 
longer or shorter than the expected. 

The basic principles of the integrator 
are very similar to those having to do 
with the integrator used in connection 
with ultraviolet therapy and may be 
readily understood through a study of 
the diagrammatic circuit of Fig 58-9. 

X-radiation passing through the ioniza¬ 
tion chamber, IC, allows an ionization 
current to charge a capacitor. C. When 
its i^otential reaches a critical value the 
grid of the vacuum tube, VT, permits a 
plate current to flow and to operate, through a relay, a short-circuiting switch, 
S, which discharges the condenser and begins a new cycle. This j)late current 
operates also a counter, and in due time, after a pre-set count has l)een reached 
and therefore the prescribed dose given, a control switch by wliich the x-ray 
tube is turned off. The constancy indicator and the integrator have done much 
to eliminate tlie hazards of x-ray therapy. 

58.12. The Use of Filters. A re-examination of Figs. 57-^, 5, and 10 should 
be made while considering this section. From Fig. 57-4 it is apparent that, al¬ 
though raising the voltage on tlie tube to higher levels does increase the shorter- 
wave component of the radiation ol)tained, it increases also the useless and even 
harmful long-wave component. The practical problem is tliat of eliminating 
this long-wave portion without at the same time weakening the short-wave 
component too much. Any absorber is bound to weaken the radiation through¬ 
out the entire range of frequencies of tlie x-ray beam but, since tlie absorption 
varies as (except where a discontinuity is involved), it is not difficult to 
eliminate substantially all the harmful long-wave portion by the use of a sheet 
of a metal having a high atomic number only a fraction of a millimeter in 
thickness. But the secondary radiation of such a metal would itself be soft 
enough yet sufficiently jienetrating to be harmful. However, by placing below 
the first filter another one but of low atomic number, the secondaries of the one 



Fig. 5S-9. Typical integrator circuit 
for use in dosage controls 


above can be al)sorl)ed. The secondaries of the last filter, which is generally of 
aluminum, are not sufficiently penetrating to be liannhil. It is possible, also. 
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to employ as a filter a metal having a region of high absorption in that wave¬ 
length range which is to be eliminated. Referring to Fig. 57-10 it is obvious 
that a silver filter would absorb very strongly just below its K discontinuity 
at 0.485 A, and down to about 0.3 A, but would absorb little in the range imme¬ 
diately above its K limit. By adding a filter having high absorption in the lat¬ 
ter region one is able effectively to suppress both these regions without greatly 
reducing the absorption of the short-wave component. 

As an illustration: x-radiation having wave lengths greater than 0.34 A is 
useless and actually harmful when dealing with a deep tumor. Now tin absorbs 

strongly in the region from 0.3 to 0.424 A 
but weakly beyond this limit. It is a common 
practice to use a tin filter 1/4 mm thick, then 
a copper filter of about the same thickness to 
absorb waves longer than 0.424 A. To this 
pair a third filter, one of aluminum 1 mm 
thick is added to absorb any secondary radi¬ 
ation emitted by the copper. The arrangement 
and the action of such a combination is shown 
diagrammatically in Fig. 58-10. (In practice 
the components would not be separated in the 
manner shown.) Thus one is able to eliminate 
the soft component without greatly reducing 
the intensity of the hard radiations, which 
alone are useful. This technique is suitable 
for tubes operating on from about 200 to 400 

kv. For million-volt tubes the series of filters 

• 

may start with lead without losing too much intensity in the short-wave region. 
For the radiation from a 22-million betatron it was found (see Johns) that the 
above filter technique is neither needed nor effective, although it was found 
possible to flatten the “depth-dose” curves by a filter of copper having a thic - 

ness and shape determined by trial. r i • +Vi 

The above discussion of filters should make clear the necessity of taking e 

precautionary measures discussed in a previous section to prevent the pa len 
from receiving unfiltered x-radiation. 

58.13. The Problem of Depth-Doses. In the therapeutic use of x-radiation, 
for example in the case of a deep malignant tumor, it is most importan a 
the radiologist have at hand definite information as to the intensity o e ra i 
ation at various depths w'ithin the body, for each of the various 
ployed. This information is generally made available in the form of 
curves such as those shown in Fig. 58-11. There are several factors which in¬ 
fluence the form of these curves. The higher the effective voltage on e u 
the harder the radiation and the more slowly does its intensity fall ott wi 
depth below the surface of the skin. The area of the “port,” which is fixed oy 
the opening in the diaphragm which limits the cross section of the beam 
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Fig. 58-10. By means of a suitable 
combination of filters the hard 
component of general x-radiation 
may be isolated without serious 
loss of this component 
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that required, affects materially the rate of decrease in intensity with depth 
since a large port makes possible considerable reinforcement of intensity of 
radiation due to photons scattered laterally from regions surrounding that in 
which intensity is of interest. For example, it is found that, using 400 kv radia¬ 
tion and a circular aperture 5 cm in diameter, one is able to obtain at a depth 
of 8 cm an increase in intensity of nearly 50 per cent, by substituting an aper¬ 
ture having an area ten times as large. But this increase is obtained at the cost 
of exposing ten times as much tissue to radiation, and this cannot be justified 



Fig. 58-11. Percentage-depth dose, (a) 400 kv, FSD 80 cm, HVL 1.4 mm copper, port, 
5 X 15 cm. (b) 22 Mev supplied by betatron, FSD 105 cm, port 6 cm diameter. Note 
the greatly superior distribution with depth of (b) (Courtesy of H. E. Johns) 

by the relatively small gain obtained. It would be far better to use an addi¬ 
tional port. In general, it is best to use the smallest port which will permit 
the beam to include the entire region requiring irradiation and then use as many 
different ports as needed to administer the dose required. The total thickness 
through which the beam is passing also affects the intensity at any particular 
depth since the radiation returned or scattered in a reversed direction, known 
as backscatter, may contribute considerably to the intensity at that depth. 

The variation in intensity with depth under various conditions is generally 
investigated by means of a phantom—that is, a body of suitable material sub¬ 
stituted for that of the patient and possessing approximately the same co¬ 
efficient of absorption as the body tissues. Pressed wood, water, and other sub¬ 
stances have been used, but water has many advantages from an experimental 
standpoint. By means of a thimble-type ionization chamber the intensity at 
various depths and also at various radial distances from the axis of the beam 






6S2 radiology, X-RAYS, AND X-RAY THERAPY 

can be studied. The curves shown in the figure were plotted from experimental 
results obtained in this manner. Published curves generally have shown a 
smooth gradation in intensity from that in the direct beam to that just outside, 
but the experimental work of Johns, who used an ionization chamber only a 
few millimeters in diameter and precision methods of control, clearly indicated 
that there is a sharp discontinuity in the curves at the geometrical boundary 
of the beam fixed by the aperture. In the case of radiation from the 22-Mev 
betatron there is practically no backscattcr so that the size of the aperture has 



Fig. 5-^12. Variation in percentage dose with depth 
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little or no effect on tlic percentage depth-dose. The student should observe 
carefully the difference between the curves in (a) and those in (b). 

The striking dependence of the percentage depth-dose on tube voltage and 
on the distance from the target to the body of the patient (focus-skin-distance, 
FSD) is shown by the curves of Fig. 58-12, based on the work of Johns. These, 
along with Fig. 58-11 make plain the advantage of using high voltages in se¬ 
curing the large depth doses required for the treatment of deep tumors, ^^hlle 
the variations in technique make impossible numerical comparisons it is evi¬ 
dent tliat tiic percentage depth dose for sources in the million-volt range may 
be much higher than that obtainable with tlie voltages normally available, the 
advantage increasing rapidly with the depth. The new feature observed in the 
verv high voltage curves is the actual increase in intensity with depth down to 
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a level depending on the voltage, to about 4 cm in the case of the radiation 
from the 22-Mev betatron. This increase is due to the concentration in the 
forward direction of any secondary radiation produced by photons of such high 
energy. This, added to the original beam, accounts for the observed initial in¬ 
crease in intensity with depth. The influence of the FSD on tlie percentage 
depth dose is seen in the curve for radium. Althougli its gamma radiation is 
also in the million-volt range its FSD of 5 cm, corresponding to the curve in 
this figure, is so small that the thickness of the tumor is comparal>lc to it, and 
in line with the inverse square law the intensity falls rapidly to negligible 
values (see Problem 4). Even with 
the relatively large FSD’s employed 
in x-ray therapy the inverse square 
law is definitely important and any 
FSD should be measured, not merely 
‘guessed,” by the radiologist. 

58.14. Some Physical Aspects of 
the Treatment of Cancer by X-Ra- 
diation. The basic principles have 
been treated in this and the preceding 
two chapters. It must be kej^t in mind 
that the difference between the lethal 
x-ray dose for cancer and for normal 
tissues varies widely with the type 



of growth but is generally so small 
that great care is required in calcu¬ 
lating and in giving the proper dose. 
Certain malignant growths arc radio¬ 
resistant and cannot be destroyed 


Fig. 58-13. For deep-seatod tumors it is 
necessary to use multiple ports to seeiire 
the required dose at the tumor without 
exeeedinK the tolerance of the skin (400 
kev, HVL 4 mm eu, F8D-R0 cm, port G 
cm diam.) (Courtesy of H. E. Johns) 


without irreparable damage to sur¬ 
rounding normal tissues. For deep-seated tumors it is necessary to use multiple 
ports, as suggested in Fig. 58-13. Thus the total dosage received by the tumor 
is greater than that received at any single port. Witli multi-million volt radi¬ 
ation the intensity in the tumor may be made several times that received by 
the superficial tissues. Careful measurements of tlie depth involved for each 


port and the use of the jiroiier depth-dose charts cnal)le one, in most cases, to 
administer the needed dose to a deep tumor without exceeding in tlie surface 


tissues the amount of radiation easily tolerated by them. Whenever two or 
more ports are used care should be taken to see tliat the exit area does not 
overlap any port, if at all possible to avoid it since with high voltage sources 
the exit intensity is far from negligible and. in the case ot radiation from sources 
in the million-volt range, may greatly exceed the effective incident intensity. 
The use of small ports, while advisable, makes accuracy in direction a critical 
matter; plaster casts and caliper-like attaclnnents to the x-ray cones are useful 
in this connection. Bones in tlie patli of the radiation weaken the ladiation in 
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the shadow of the bone and fat has the opposite effect. The secondary radiation 
given out from the bone is harder than that given out by most body tissues. 
The range of scattered radiation and of secondary radiation increases with 
increasing hardness of the parent radiation. 

Problems 

1. Using the values read from the charts of Fig. 58-11 plot the percentage depth 
doses for both the (a) and the (b) charts against depths. Why should the curves thus 
obtained differ from the corresponding ones of Fig. 58-12? 

2. Making use of the curves of Fig. 58-12 and assuming a depth of 8 cm, note and 
record in tabular form the percentage depth doses for the operating voltages of 200 
Kev, 400 Kev, 4 Mev, and 22 Mev. Enlarge your table by including additional col¬ 
umns giving corresponding values for also the 12-cm and the 16-cm depths. Make 
comments on the variation, with depth, in the advantage of using ultra high voltages. 

3. To observe the inverse-square effect for various FSD’s assume at first an FSD 
of 100 cm and assign a value of 100 at this point. Find the comparative intensities at 
2-cm intervals over the depth range of from 100 to 110 cm. Repeat this procedure for 
a 10-cm range from 60 cm to 70 cm assuming a value of 100 at 60 cm. Plot on the 
same sheet a curve corresponding to each of the two sets of values thus computed. 
Point out the significance of the forms of the two curves. Comment on the variation, 
with depth, in the advantage of using high voltages. 

4. Assuming the energy required to produce an ion pair in air is 33 ev find the num¬ 
ber of ion pairs that would be produced by a 400 Kev photon from an x-ray generator. 
Compare this number with the number produced by a 22 Mev photon from a betatron. 

5. Verify the calculations given in Section 58.9 by which the energy absorbed by 
1 gm of air was shown to be 85 ergs, when each cubic centimeter receives 1 r of radia¬ 
tion. How many photons of 22 ^lev radiation must be absorbed to provide this 
quantity of energy? (Ans. 2.42 X 10® photons) 

6. Assuming 1 r of radiation produces 2.082 X 10® pairs of ions per cm® under stand¬ 
ard conditions, what fraction of the total number of molecules present are ionized when 
a typical “dose” of 300 r is given? 

7. In Chapter 29 it was shown that the intensity of light varies inversely as the 
square of the distance from its source, assuming no absorption takes place. Would 
this relation hold true for light spa.ssing through a fog? or a smoke? In the case of 
x-rays would the inverse-square law hold strictly for x-rays penetrating the body but 
originating at the usual focal-skin-distance from the body? Explain. 

8. A certain x-ray equipment was found by test to give out a radiation intensity 
of 24 r/min, when operating at 110 kv, at a distance of 1 m. Approximately how many 
r would be delivered at a FSD distance of 70 cm during a treatment extending over 
a period of 15 min? Assume only air paths in each case so that the inverse square 
law would hold. 

9. Suppose that the voltage applied to the condenser-ionization chamber is insuf¬ 
ficient to give the saturation current. Would the “dose" registered be larger or smaller 
than its actual value? Explain. 

10. How much would the temperature of 1 gm of air be raised in 1 min if the in¬ 
tensity of x-radiation is 30 r/min, if the specific heat of air at room temperature is 
taken to be 0.242? 


Suggested Readings 


See list at end of Chapter 56. 
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Natural Radioactivity 

The discovery by Roentgen in late 1895 of x-rays stimul^ ed experimental 
studies having to do with fluorescence and witli fluorescing substances, since 
the new radiation was associated, at the time, with the fluorescence of the glass 
wall of the discharge tube. Henri Becquerel in Paris, already interested in this 
field, began a systematic examination of the various known fluorescent sub¬ 
stances including crystals and glass containing uranium. Rather a gcidentally 
it was observed that this element emitted radiations even without previous 
exposure to the rays of the sun and that at least some of the radiations could 
pass through substances normally o^aqu^ to light and affect a photographic 
plate. The discovery of radgac^ve sulTstance was reported by Be^q^cl to 
the Paris Academy of Sciencejn_^^aj:yr4896^_^ong those who joined in 
the study of thcmewly dis ^vercd phenomenon were Marie and Pierre Curie^ 
to whom many '^rthe fTdvanc^sTn the^ now fieldv^re due, particularly in the 
technique of the separafipiT^f the various radioac^ti^^^lemen^r^g^in the 
various series, and especially the discovery of polonium and of ^adiiW^ Later 
Rutherford and his co-workers entered the new field, and to this gJoSp we owe 
many of the basic developments and the discovery of the fundamental princi¬ 
ples pertaining to the properties and actions of radioactjve^substances in 

general. 

59.1. Nature of Radioactivity and of the Radiations. At the time of tlie 
discovery of radioactivity, chemists were quite familiar with the formation of 
varioj^ cnmT 2 mmds of atom s, but in all the known chemica,! actions tjiere 
wore no changes in the natur^T the atoms themsely(^ j,n^ in general, any 
particular atpuLCould be isolated and would havcThe same properties no matter 
which of.^its compounds was ^ecomp^d to obtain it.^SimilarlyVan"atorn^ay 
lose one electron and gain anotli eiyand then be “as^ood as ^w." In contrast 
radioactive changes wefeTouruTto involve a permanent change in the atoms 
themselves' for example, when an atom of radium suffers a change it becomes an 
entirely new atom; it can never become a radium atom again, although the 
daughter atom may in turn change irreversibly into another kind of atom. At 
the time*the phenomenon was discovered the Bohr-Rutherford atom concept did 
not exist. Indeed the solar-system-type atom^as in part an"l)utgrowth of the 
studies in the field of radioactivity, since the observed phenomena could hardly 
be explained without assuming this type of atom. Besides with great success 
it took care of many kngwn^npticftl f^cts in .spec trosconv^ as these had to do 
with the peripheral electrons. Obviously radioactivity had to do with changes 
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in the nucleus since the atomic number and the atomic weight, and other 
properties were changed. That such nuclear changes should take place is more 
understandable now in the light of the more recently acquired knowledge in 
what has come to be called nucleaiLpl^ si£S, discussed briefly in the following 
sections and chapters. Assumingfor thepresent that there are many constituent 
particles or nucleons in the nucleus it is just as easy to suppose that in a large 
nucleus some paHT?ular particle might acquire sufficient energy to escape as it 
is to picture the evaporation process in the case of a drop of water. In either 
case there may be a number of particles which have an equal chance to escape 
but only the ones which by chance acquire the necessary energy actually do 
succeed in doing so. 

By the application of a magnetic field it is possible to show that the radia¬ 
tions from ra dioactive a ubstances-inay be of different types. If some radium 
and its decay particles were deposited in the bottom of a slender, deep well 
in a lead block, as ^hpwn in Fig. 59-1, and placed in a strong magnetic field, 

. it would be found that the radiations 
emitted from the well are of at least three 
different kinds. Assuming the field to be 
normal to the page and directed into the 
page it can be shown experimentally that 
one group of particles.orjays is deflected to 

the left slightly^ another grouj23f®fg^y 

the rigHI7"and a remaining radiation is un¬ 
affected in direction by tlie application of 
a magnetic^TTelcfTTIicse three groups are 
called, respectively, alplia fa), beta f^), 
and gamma (y) rays. From the directions 
of the field and of the deflections observed 
and from other facts given in the followjng 
sections it is concluded that tlie a-particles 
are positiv e particle s, the /?-particfes are 

Tlihd the y-rays are like 
oma gnyuc w aves/ and have very short wave 
^rl par1 1 c1 es fr6mTlie nucleus is hound to affect 



Radium 


Fa;. 50-1. The radiations from ra¬ 
dium in equilibrium with its prod¬ 
ucts may be divided by a magnetic 
field into alpha, beta, and gamma 
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x-ravs: that is 

the atomic number and hence the properties of the atom itself. 

Each type of radiation can ionize gases, cause fluorescence of certain mate¬ 
rials, affect a photographic emulsion, and penetrate opaque substances; but 
tiicy differ widely in each of these actions. For example, theji^rays are absorbed 
by an ord inary jjicet of writingj^aper, ^-rays camj^cnetr ^ 5 mm^ ^luminum 
or even 1 mm of leafTTi'dnte'y-rays may be deteetecTtbroiSi as mu^ as 30 cm 
oQi:dirr*Their ionizing pothers arc in tlie r everse order a s_^ g-particle s^may be 
1000 times more^yffectiv&.4h^UjS7 ^liile only one or two types of radia¬ 
tion can be given out by a particular atom it is impossible to keep any radio¬ 
active substance isolated, hence it is usual to find all three radiations coming 
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from a radioactive element like radium in association with its decay products. 
59.2. Alpha Particles. From a study of their deflections in a magnetic field, 
their velocities and the cliarge transferred by a particle, it was found that 
a-particlcs carry charges equal exactly to that of two electrons in magnitude 
and that their mass is exactly t hat of the helium atom, which is four tim es th at 
of a hydrogen attJIfTA^simpleTxperimenTby'Ramsay and Soddy suj^died con¬ 
vincing pr^'f of their identity. By meanTof a speciaftube of the t3q)e show,n 
in Fig; 59-2, thcy^'cTe ablTlo crowd somcCradorTgas^an emitter of a-particles) 
into a yeiy thin bulb, B, enclosed wTthin*a'larg(^'aiKl highly evacuatctl bulb, A. 
M'hile at first no discharge could be produced through the miniature spectrum 
tube, T, a few days afterward the sjicctrum of helium was 
definitely obtained when the trace of gas in A was crowded 
into T. The a-particles were shot through the thin walls of 
the glass tube into the space A where they picked up the 
needed electrons to neutralize their double charge. It was 
thus established that the a-particlcs are simply nuclei of 
helium atoms stripji^ik0f their two K electrons and have a 
mass number of 4. Thus was acquired the first knowledge 
of the now accepted fact that the helium nucleus is one of 
the building blocks of atomic nuclei (see Chapter 55). Their 
velocity at the instant of expulsion from a nucleus depends 
on and is a distinct characteristic of the parent nucleus 
but is likely to be between one-twentieth and one-tenth that 
of light (roughl y 9,000 to 18,000 mi/sec). Their ranges in 
air—that is, uicTength'oT'the paths under standard condi¬ 
tions along which they are able to ionize the air—vary 
correspondingly. Those from I'l’^ium I Iiave a range of 
^67 jutr; from Thorium C', 8.(52 cnirTT is found that the 
range vaiies approximately as the cube of the velocity, or 
7? = 9.7 X 10“-‘*r*‘ meters in air where V is the initial veloc¬ 
ity in meters per second. In Fig. 59-31 a) is shown a Wilson 
cloud chamber pliotograph of an a-track in air, in (b) an 
a-track in hydrogen, and in (c) a large group of a-tracks, 
of which some show sliarp bends or forked ends. The 
density of the droplets along tlie track is sufficient evidence of the high ioniz¬ 
ing power of the a-iiafticTe7^iich may form as m any as 70,000 ion pairs/cin . 
This track should be compared with the track of a /?-particlc, as shown in 
Fig. 58-6(b). It is found experimentally that, as the velocity of the a-particle 
falls, its ionizing i)owcr actually increases, as might be expected, because it 
then is spending a longer period within the field of any electron of the atom 
near which it may pass. An occasional a-particle may pass sufficiently near to 
the nucleus to be sharply deflected from its original direction, but tlu' chance 
of this is so small that comparatively few tracks show sharp deflections. A 
remarkable and most useful property of a-particles is their ability to cause 



Fig. 50-2. Alpha 
rays shot through 
the wall of B 
acquire electrons 
and may be col¬ 
lected and identi¬ 
fied as helium 
atoms in the mini¬ 
ature spectrum 
tube 
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flashes of light, or scintillations when they strike certain substances such 
as zinc sulfide. Indeed Rutherford established many of the laws of radioactivity 
through the counting of scintillations of a-particles. A practical utilization of 



Fig. 59-3. Wilson cloud chamber photographs showing (a) a single a-track in air, 
(h) a single a-track in hydrogen. (Adapted from Rutherford et ai). (c) A group of 
a-tracks. Note the sharp breaks in many of the tracks near their end, and some forked 
eiuling.s. (Courtesy of France Ra.«etti, Elements of Nuclear Physics. Copyright 1035 by 

Prentice-Hall, Inc., New York) 

this property is seen in the application of a trace of rj 3 jdium_^t, mixe^ with 
a suitable substance li ke zin c sulMe in a binder^ to the hands of a clock or to 
the markings on an instrument to make niem visible in the dark by virtue of 

the light emitted by the bombarded fluorescent material. 
By using a simple 5 to 10 X magnifier the flashes may be 
observed after the eye has become ,dark-adapj^d. Also the 
spinthariscope, shown in Fig. 59-4, provides a convenient 
method of observing this effect. 

59.3. Beta Particles. Studies of the tracks of / 3 -particlcs 
and determinations of their value of e/m as well as the sign 
of the charge have definitely shown them to be simply 
electrons. While it has been found relatively recently that 
the emitted electron may bear the usual negative sign, the 
positive electron, called the pqsitro^ may be emitted from 
certain nuclei. In the present discussion only the negative 
electron, sometimes referred to as the negatron* will be 
considered. The fact that cither could be eimTfcd from a 
nucleus requires explanation, because in Chapter 55 it was 
pointed out that the nucleus contains only protons and neutrons. The explana¬ 
tion is direct, if one accepts the view that a neutron may decompose into an 
electron and a jiroton. This would account for not only the electron but also for 
the known increase of 1 in Z, the atomic number, which accompanies tlie nuclear 
cliange in a negatron emitter. There are also ^-particles ot a difierent t>pe 





Fig. 59—1. A sim¬ 
ple spinthariscope 
used in observing 
scintillations pro¬ 
duced by a-parti- 
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emitted from one of the shells of the changing atom which are ejected by the 
direct action of the radiations from the nucleus. These electrons, emitted by 
7-radiation, correspond exactly to the photoelectrons by x-radiation and give 
rise to secondary x- or 7-radiation in the same fashion. While a-rays from a 
particular atom show a “spectrum” characteristic of the emitting atom, /?-rays 
do not exhibit the equivalent; any emitter of /?-particIcs will give electrons 
ranging in velocity continuously up to a maximum characteristic of the atom, 
in ceitain cases approaching that of light. To account for the apparent disap¬ 
pearance of the energy from the ^-particles wliich have less than the maximum 
expected for the particular atom disintegrating, the existence of a neutrino, a 
particle of almost negligible mass and without charge, has been postulated. The 
r equirem ent of the theory of relativity, that the mass of a particle should^ 
crease asTts^'elffTtfy'approaches that of bglit, has been fully verified injbe 
c'Sse ol the fasirff^ parMcles. -— 

59~.4. Gamma Radiation. Considerable evidence supports the view that the 
nucleus, as well as the peripheral electrons, has definite energy states and that 
whenever an a- or a j 8 -particle is emitted without acquiring all the energy dif¬ 
ference between the two states, the residue is emitted in the form of a 7 -photon. 
For example, radium gives 98.8 per cent of its emitted a-particles an energy of 
4.79 Mev, but the rest have an energy of only 4.61 Mcv. It is observed that 
the latter emission is accompanied by the emission of a 7 -photon of energy 0.18 
Mev as the daughter radon atom settles down from its excited to the stable 
state. Tiiis 7 -photon behaves exactly like an x-ray photon from an x-ray tube 
operating at 180 kv, whether proceeding in its running-down course at the 
source, in the walls of the container, or in the human body. Those acting within 
the source eject from the radon atoms )9-rays of the second type, hence give rise 
to the or y-characteristic of the daughter element; in other words, its line 
spectrum. The emission of y-radiation may accompany either a- or ^-radiation, 
the essential requirement being that the initial emission must leave the daugh¬ 
ter or product element in an excited state which is immediately relieved by the 
emission of a y-photon. The observed wave lengths emitted down the line in 
the uranium-radium series vary from 0.233 A (53.7 Kev) to the hardest, 
0.00561 A (2,240 Kev). Tlie latter is the principal radiation employed in radium 
therapy. A narrow beam of y-rays directed through a Wilson cloud chamber 
could, as in the case of their equivalent x-rays, leave no track, directly; but 
their path would be marked as the origin of a multitude of forward-leaning 
electron tracks due to the electrons ejected from the gas in the chamber. (See 
Fig. 58-7.) 

59.5. Geiger-Mueller Counters. Much of the earlier work in the field of 
radioactivity involved a personal count of scintillations, and it was difficult 
to be certain of the magnitude of the personal error. Blinking of the eyes and 
the close spacings which characterize random events were responsible for the 
loss of many counts, particularly when tlie rate was high. Geiger’s first counter 
made use of a small cylindrical chamber containing a sharpened wire as an 
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axial anode. This was kept at such a high potential that the entrance of an 
a-particle would produce sufficient ionization to initiate a gaseous discharge. 
This supplied the current required to operate the counter, or to leave a pip on 
a line in a moving strip in a recorder. While these were a great improvement 
their resolution was entirely too low for the large intensities involved in the 
present research work in this field. Tubes and circuits now in use may register 
with high accuracy many thousands of counts per minute. 

A widely used form of the Geiger-Mueller tube, generally abbreviated G-M, 
is shown in Fig. 59-5(a). While the tubes are made in a wide range of sizes, 
that indicated by the scale, S, might be considered as typical. The associated 
electrical circuits keep the tungsten-wire anode at a sufficiently high potential 

with respect to the surrounding cathode, C, a cylin- 



conntor tubes, (a) Cylin¬ 
drical type, (b) Thin-wiii- 
dow type 


drical metal conductor, (in many tubes simply a 
metallic coating on the glass envelope) to ensure the 
passage of a sizable pulse each time a particle shoots 
through the tube. Some circuits provide a resistor 
of such liigh resistance as to cause a sufficient drop 
in potential each time a pulse passes to stop or 
quench tlie discharge. Some counters make use of 
tubes containing an organic vapor like that of ethyl 
alcohol along witli an inert gas, such as argon. The 
organic molecules so effectually absorb tlie energy 
in the discharge that it is quickly stopped. Such 
G-:M tubes are called self-(iuenching tubes. Fven 
with the fast counting tul)es, tiic count requires 
correction by api>roximately one per cent per tliou- 
sand counts, for the range vip to 5000 counts per 
minute (a count of 3000 woukl need a correction 
of 3 per cent, for example). Even with tlie thinne.-t 
wall possible, most /^-particles having energies below 
0.5 Mev would be unable to enter and actuate the 


counter. The tiee<l for more sensitive counters in the low energy range produced 
a number of 0-M tidies of the form sliown in Fig. 59-5(1)). In this a very t un 
mica window is used and the fine tungsten wire anode ends in a bead intendet 

to prevent .^parking. , i i „n 

59.6. Counter Circuits and Scalers, Xo meclianical counter could keep p 

with the rate of counting now needed in the fields of nuclear research. One o 

the many circuits develoi)ed to meet the new requirement in speed operates on 

a "scale of two" basis. Tlie first pul.<e liglits a neon lamii, the next extinguishes 

this and lights the lamp in the next unit, thus the second unit register? on > la 

the initial pulses and tlie second unit reports to tiie next only one in four, le 

third passes on onlv one in eiglit. and tlie sixth semis to tlie meehaniea 

only one in sixtv-four (I in 2'q. With the eounter action the M-aler is elean 

ready to go on witii the next 64. Tlie total number of particles, theretore, - 
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given by the product of the counter reading by 64. There are now available 
counters operating on a scale of ten rather than the scale of two, thus fitting in 
perfectly with our number system. The G—M tube and the scaler are proving to 
be the key pieces in most of the investigations now in progress in the field of 
nuclear physics and in its extension into chemistry, biology, and medicine. 

59.7. The Transformation Theory. In 1903 Rutherford and Soddy brought 
order out of chaos in the field of radioactivity by advancing the transformation 
or disintegration theory. This theory, already implied in previous sections, 
holds that the changes in the nucleus brought about by the emission of particles 
result in new atoms differing as much from the parent atoms as atoms in gen¬ 
eral differ from each other. For exampk;,^radium, i<^nvery7nS^ differs from 
its disintegration-product element, radon, a frr^7*Tdte as much as magnesium, 
likewise a metal, differs from the gas neon which is not far under it in the atomic 
table. In general, atoms of lead and those below it in atomic number are so 


stable that no radioactivity is exhibited, whereas nearly all those above lead are 
radioactive. But the latter differ widely in their activity for no very apparent 
reason, and certainly very unsystematically. This means, however, that any 
decay disintegration-product within this range is itself likely to be a naturally 
radioactive element. Any atom which loses an a-particle loses 4 m its mass num¬ 
ber and its atomic number goes down by 2. A lo.ss of a ^-particle means the 
formation of an additional proton (from a disintegrating neutron) and hence a 
gain of 1 in atomic number, in this case without a change in mass. The y-photons 
emitted involve no change in either the mass or the atomic number of the 
emitting atom. In following through the next section the student should check 
at each step the simple rules given herein. 

59.8. The Uranium-Radium Series. Actuallv there are four series of radio- 

V 

active elements. None of the other three scries involves any different principles 
or is of importance compared to the uranium-radium series. The entire series is 
not listed in Table 59-1 since only radium and its successive decay products are 
to be given consideration in the present treatment. Any natural radioactive 
series must have at its head a reasonablv stable element; otherwise there could 

V 

be none present now to head the series, such a long time has elapsed since the 
formation of the elements. This series is no exception since any given quantity 
of uranium I (atomic weight 238) would require 4.50 X 10'* years for even half 
of it to disintegrate. Omitted from the table are three other types of uranium as 
well as ionium. Beginning with radium the table indicates tbc nature of the 
radiation, the resulting changes in mass number and in atomic number, the 
half-value period (also referred to as half-life), and the equilibrium amount 
in grams, taking that of radium as 1 gm. 

59.9. Some Laws and Constants Pertaining to Radioactivity. The con¬ 
stants included in Table 59-1 indicate the wide and inexjilicable variations 
found in the field of radioactivity. However, the proces.s of di-in’i erafion i^ 
found to follow in every case the laws of chance. .<o generally follow lai in natune 
Considering a particular clement—for example, radium—it must be leasonable 
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Table 59-1. The Uranium-Radium Series of Radioactive Elements 


Element 

Atomic 

Mass 

Atomic 

Number 

Half-Value 

Period 

Equilibrium 
Amount in 
Grams 

Uranium I 

238 

92 

4.50 X lO’yr 

2.78 X 10« 

*. 

» • • 


• • • 

» « • 

y" y Radium (Ra). 

226 

88 

1,620 yr 

1 gm 

y Radon (Rn). 

222 

86 

3.825 days 

6.47 X 10-® 

Z' y Radium A (Ra A). 

218 

84 

3.05 min 

3.58 X 10-® 

Z" Z Radium B (Ra B). 

214 

82 

26.8 min 

3.14 X 10-0 

av 




2.31 X 10-> 

Z y Radium C (Ra C) **. 

^ 0 X Ra C, Ra C' 

y 

214 

83 

19.7 min 




0.0136 

y Radium D(RaD). 

210 

82 

22 yr 

0 




8.46 X 10-« 

^ Radium E (Ra E). 

210 

83 

5.0 days 

Z'^^ Radium F (Ra F). 

210 

84 

138 day.s 

2.34 X 10-^ 

^ (Polonium) 





Z ^ Radium G (Ra G). 

Lead 

206 

(Stable) 

82 

(Stable) 

» • • 

1 

• • • 


* Four of the radioactive elements in the series are omitted. t> n i 

**In the ca.se of RaC two modes of disintegration are followed in pasing to ^oU. in 
99,96 per cent of the cases the /3-particle (with y-rays) is emitted first, followed by the 
emission of an a-particle. In the remaining cases the reverse order of emission is followed. 
The hard y-radiation accompanying this transition gives the radium senes its usefulness in 

cancer therapy. 


to expect that the number of atoms which break up, ^N, in a short time, My 
must be proportional to the number present, N, and may be expressed in equa¬ 
tion form by making use of a constant, A (lambda), which would depend on 
the element disintegrating; in the present case, radium, thus: 

\N = -\NM 


It will be observed that this equation is closely analogous to that presented in 
dealing with the loss by absorption of x-rays in an absorber. This equation, like 
the other, leads to an exponential equation of the form: N = where i 

is tlie number of radioactive atoms remaining t seconds after the number was 
.V,„ and A is the constant given in the preceding equation. The constant A is 
known as the transformation constant and is a fundamental characteristic 
of the element to which it belongs. Just as in the case of absorption of x-rays 
mentioned the graphical representation of the variation in activity of any 
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isolated radioactive source with time is an exponential curve and therefore has 
the same form as the curve relating intensity to depth. Such a curve is shown 
in Fig. 59—6. The ordinates have to do with the activity of a quantity of radon, 
taking iVo as 100, while the abscissas represent time in days after the activity 
was 100. Whatever the radioactive element and whatever the value of A or of 

Nq, the form of the curve would be 
exactly the same. Notice that the 
intensity falls to half its value every 
3.825 days—wherever one begins the 
count. 

59.10. The Half-Value Period of a 
Radioactive Element. It must be 
obvious from the form of the curve 
that no answer could be given to the 
question as to the length of the life of 
a radioactive atom of a particular 
element since it might have any value 
between zero and infinity. Tlie prac¬ 
tice is to list the time required for the 
activity of any radioactive source to 
fall to half its initial value; in other words, for half the original number of atoms 
to disintegrate. From the illustrative curve given it is apparent that the half¬ 
value period of radon is 3.825 days. Tliis means then in 7.65 days NJA atoms 
will still be unchanged, and in 11.47 days only iVo/8 of the original atoms will 
be left. All the others will then be atoms of one of the elements following radon 
in the series given in Table 59-1. The student should now re-examine this table 
and note the wide variation in the value of the half-value period among the 
atoms of this series. It can be shown that the transformation constant is related 
to the half-value period, Tj, by the simple equation: \T\ = 0.693. 

It is essential, of course, that both A and Tj be based on the same unit of 
time, whether it be centuries or seconds. 

The half-value i)eriod is by no means the same as the average life of an 
atom since those late in breaking up have had a much longer life than those 
which were first to disintegrate and, therefore, contributed more to the average. 
It can be shown that the average life is in every case 1.44 times the half-value 
period. Thus for radon the average life is 3.825'X 1.44 = 5.5 days (133 hr), 
and that of radium is approximately 2334 yrs. As will be shown in the following 
chapter, these constants are of basic importance in the therapeutic use of radon 
in the cancer clinics, From the relation TjA = 0.693, it follows that the trans¬ 
formation constant of radon is A = 0.693^3.825 = 0.181/dav. This means that 
out of 1000 radon atoms 181 would disintegrate in one day if the initial rate 
were maintained. But the number available continuously falls. The actual 
number, therefore, is smaller than 181. It has a value of 166 (or 16.0 jx-r cent). 
But which of the atoms will be the ones to disintegrate? To this question no 



Fig. 59-6. Exponential decay and growth 
curve of a pure radioactive substance 
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answer can be given, because for each atom the probability of disintegration 
within the next 24 hr is the same as for any other atom. The matter of which 
ones depends entirely on the laws of chance, even more completely than does 
death among a group of individuals. Insurance companies have carefully com¬ 
piled mortality tables, but they do not pretend to know which policyholders 
will be the unfortunate ones in any particular year. However, there is one im¬ 
portant difference. The life-expectancy of an individual decreases with increas¬ 
ing age, but this is not so with radioactive atoms. Those which survived the 
first half-life period have exactly the same chance to survive the next. Atoms 
do not age. Some prefer to look upon the transformation constant as a measure 
of the probability that any atom will disintegrate within a very small unit of 
time. 

It has not been found possible to influence in the least the rate of transforma¬ 
tion of any radioactive substance by the application of extremes of temperature, 
or other physical or chemical means. The radium in radium bromide disinte¬ 
grates at the same rate as docs that in other compounds and at the same rate 
as the metal itself. Those who may feel that there should be some way of sup¬ 
pressing radioactivity when it is not being usefully employed might quite as 
reasonably direct their attention to potential water power left unharnessed. 
59.11. Radioactive Equilibrium. For practical purposes radium is always 
sealed hermetically in some sort of ca))sule or needle-like container. This means 
that at any time subsequent to the instant at which the capsule was sealed 
it must contain radon, RaA, and all the other disintegration products in the 


radium series lu-escnted in Table 59-1. The quantity of each radioactive mem¬ 
ber in the series would rise from its initial value of zero to such a value that 
the number of atoms of that particular one formed in unit time due to the 
disintegration of the preceding clement in the scries is exactly balanced by the 
number of its atoms breaking up in the same time and forming atoms of tlie 
next element in the scries. Whenever this state of equilibrium has been attained 
bv each of the elements in the series the radium is said to be in radioactive 
equilibrium with its disintegration products. It takes somewhat longer than 
a month for the radium to radium C portion of the series to come into equilib¬ 
rium. Since it is on the basis of the radiation of the latter tliat the quantity of 
radium is judged it is necessary that the radium sliall have been sealed for a 
period of a month or six weeks before any measurement is attempted. There¬ 
after the activitv of tlie elements Ra to RaC' falls off at the same rate as does 


the parent substance, in the present example, radium. Since the half-value 
period for radium is 1620 years, it means that for all practical uses the activity 
of any sealed radium source may be considered constant. The general law of 

equilibrium may be expressed in equation form, thus: A,.Vi = = A 3 A 3 

= ■ • • , where the subscripts refer to successive elements in a radioactive 
series. Any single equation involves four factors, of which three known values 
must be at hand in order to obtain the fourth. This relation is extremely useful 
in cases where the element is either relatively inactive, as is the case of uranium 
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I, which has a half-value period of 4.5 l)illion years, or where it is so active that 
its half-value period is a fraction of a second. In such cases A cannot be de¬ 
termined directly, as is easily possible in the case of radon. When one has ob¬ 
tained by direct methods the amount of radium in equilibrium with a definite 
weight of uranium ore and also the value of A for radium, then the value of A 
for uranium can be obtained by simple calculation, since it is seen from the 
equation given above that the amount of any member of a scries of radioactive 
elements in equilibrium varies inversely as the transformation constant, A. The 
student should now examine the last column of Table 59-1 and check this rule 
for several members of the series. Thus it may be seen that to obtain 1 gin of 
radium from uranium ore would require 2.78 X lO**’ gm of the uranium element. 
This is equivalent to well over three tons, but the mass of ore would be far 
greater. Incidentally, this explains the high price formerly charged for radium, 
just as the present relatively low price can be explained by the fact that it is 
a by-product obtainable in the preparation of uranium for purposes to be ex¬ 
plained in a later chapter. 

59.12. Growth and Decay Curves for Radon and for the Active Deposits 
of Radium. It was pointed out above that the amount of radon in a sealed 
container of radium soon rises to its equilibrium value and thereafter remains 
constant. The continuous curve of Fig. 59-6 shows the manner in which isolated 
radon would decay. Since this same rate must prevail with respect to any j)ar- 
ticular body of radon whether or not it happens to be sealed in witli its parent 
radium, it follows that in the case of equilibrium the quantity of new radon 
accumulated after a particular instant, which may be called zero time, is 
exactly the same at any later time as the quantity of the previous accumulation 
which has decayed up to the .<ame time. Therefore one may draw a growth 
curve by using the inverted ordinates of the decay curve. For example, the 
ordinate AB is the negative of the inverted ordinate, A'B', and similarly for 
other points. Assume 100 units of radon have been removed from a radon plant 
(see next chapter) and that it is hermetically scaled in a glass capsule. It will 
be observed that at the end of one day the residue of radon is lOOfl — 0.166) 
= 100 X 0.834 = 83.4. At the end of the second day the amount is 100 X 0.834 
X 0.834 or 100 X 0.834“ = 69.7; at the end of the third day, 100 X 0.834''*, and 


so on. 

Assume that after the removal of the 100 units of radon from the radon plant 
none remained (a condition impossible to bring about in practice), how much 
new radon would be in the plant in one day? in two days? or at any time later? 
The answers may be either computed or read from tlie growth curve of Fig. 

59-6 since the total must be 100 at all times. Tlierefore at the end of one dav 

% 

16.6 units are present; at the end of two days, 30.3 units, and so on. Thu.< it is 
seen that tables or curves having to do with the decay of radon may serve a 
double purpose. 

59.13. Energy Considerations. The energy associated with each type of 
radiation is all transformed into heat on being absorbed. Hadium compounds, if 
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protected against heat losses, maintain themselves at temperatures above their 
surroundings. In fact, the heat output is amazingly large. One gram of radium 
with its equilibrium products liberates 140 calories per hour. This amounts to 
1,227,000 calories per year or over three billion during its complete disintegra¬ 
tion. This is a half million times as much as a gram of coal would yield in 
combustion. It suggests the existence of vast stores of energy within the nucleus 
of atoms—a matter to be discussed in the remaining chapters. 


Problems 

1. Suppose 1000 mg of RaD were placed in a vault. How much of this would re¬ 
main after a period of 88 years? (4ns. 62.5 mg) 

2. Making use of the law of radioactive equilibrium, calculate the quantities of RaB 
which would be in equilibrium with 100 mg of RaA. Use the data of Table 59-1. 

3. A prospector shipped to a refining laboratory a body of ore containing 5000 kg 
of the element uranium. What is the maximum weight of radium that could be ob¬ 
tained from the shipment if the radium was in equilibrium with the uranium? (Ana. 
1.8 gm) 

4. Using the law of radioactive equilibrium and the equation giving the half-value 
period show algebraically that the quantities of the various elements in radioactive 
equilibrium with each other vary directly as the half-value periods. Using this rela¬ 
tion find how many atoms of radium are present per atom of radon. 

5. Suppose that at the time f — 0 a tube contains 100 units of RaE only and that 
at the end of 2 days the quantity remaining is 74.5 units. Calculate the quantities at 
2 -day intervals for a total of 10 days and plot these as ordinates against the corre¬ 
sponding days as abscissas, obtaining thereby a curve similar to that in Fig. 59-6. 

6 . Find the logarithms of each of the numbers calculated in Problem 5 and, using a 
suitable scale, plot the logarithms as ordinates against days as abscissas, on the same 
sheet that was used in Problem 5. If semi-logarithm paper is available the values may 
be plotted directly without recourse to a table of logarithms. State in your own words 
what you consider to be an additional advantage of using logarithmic paper. 

7. In the same manner find and plot on the same sheet the logarithms of a few 
values of the ordinates of both the decay and the growth curves of Fig. 59-6. Why 
are only a few points needed? Save this sheet for use in the next chapter. 

8 . Polonium (RaF) sources have many uses as a-ray emitters not only in labora¬ 

tories but in industrial products as well. They are prepared from old radon sources 
which contain mainly RaD. (For reasons see Table 59.) What is approximately the 
quantity of polonium that would be in equilibrium with 0.005 gm of RaD? 

would it take for this polonium, if separated from the parent RaD, to fall to one- 

eighth of its original activity? 

9. Assume a polonium source of 100 units. What will be its strength 140, 280, . 

and 560 davs later? Plot the logarithms of these strengths as ordinates against the 
time in days as abscissas, and draw a curve through the points. From this curve read 

the streng[th the source will have at the end of 200 days. (/Ins. 50, 25, 12. , an • o 

units; 3G.3 units) .. . f 

10. Calculate the decay constant for polonium and also the average Iiletime o 

polonium atoms, assuming a half-value period of 140 days. The 100-unit polonium 
source mentioned in Problem 9 would deliver how many unit-days (units X daysl > 
given an infinitely long period of time? For practical purposes the yield is below tna 

corresponding to infinite time. 
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11. What effect would any escape of the gas radon from an uranium ore-body have 
upon the apparent equilibrium quantity of any decay products below radon in the 
uranium series of radioactive substances? What evidence is there that such an escape 
is taking place? 
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The Physics of Radium Therapy 

Since the y-radiation from radioactive substances is identical in character 
with x-radiation there is little point to considering the old question concerning 
which is to be preferred in the treatment of malignant growths. At one time it 
was not possible to produce x-rays having the penetration of the y-radiation 
from radium C', the radiation universally used in radium therapy. With the 
development of million-volt generators it is now easily possible to produce 
x-rays of wave lengths shorter than the wave lengths of the y-radiation from 
RaC'. Therefore it is not a question of which source, but which hardness, is 
best, and this is largely a matter of practical advantages. 

60.1. The Gamma Radiation from the Radium Series. In the previous 
chapter it was pointed out that y-radiation is emitted whenever any nuclear 
change results in an excited nucleus. As the bare trace of y-radiation from 
radium itself is comparatively soft (0.18 !Mev), it is of no importance in radium 
therapy. There is y-radiation emitted also in the transformation from RaB to 
RaC but this, too, is relatively weak and no harder than the x-rays widely avail¬ 
able, since energies of the three principal lines are respectively 0.241, 0.294, and 
0.350 i\Icv. In contrast the y-radiation associated with the transformation from 
RaC to RaC' is made up of eight lines in all, 0.607 to 2.198 !Mcv, and includes 
two thirds of the y-radiation emitted by the scries Ra to RaC', inclusive. Since 
the other third—that is, the relatively soft component, is largely absorbed in 
the walls of the containers of the radium, only the hard radiation associated 
with RaC to RaC' and the harder component of the RaB to RaC transforma¬ 
tions are of importance in radium therapy. 

Since there arc comparatively few x-ray installations above the 0.250 or 
0.400 ^lev level an important advantage of the y-radiation from radium is at 
once apparent. Among other advantages may be mentioned the compactness of 
the sources which makes it possible to place them very near or within malignant 
tumors and to introduce them into body cavities. This means that the tissue 
requiring irradiation may be given a dose relatively much heavier than that 
which is received by the surrounding normal tissue. Vt hile an x-ray beam 
irradiates a column of tissue extending entirely through the body, the intensity 
of tlie y-radiation from a radium source would fall to comparatively low levels 
before penetrating far from its source, thanks to the inverse square law and the 
closeness of the source to the tumor. (See curve A in Fig. 58-12.) However, at¬ 
tempts arc being made to design x-ray tubes with anodes sufficiently external to 
permit a close approach to the skin or even their introduction into a body 
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cavity. In many cases it would be an advantage to have the radium source at 
the usual FSD for x-rays, but the amount of radiation emitted from any prac¬ 
tical source would be so veiy small in comparison with that emitted by the usual 
x-ray tube that it is quite impracticable to attempt such a procedure. Actually 
a few radium multi-gram units have been built for such a purpose, but their use 
involves difficulties with respect to the protection of personnel. 

60.2. The Use of Radon, The Curie. Since only the radiations from RaC' 
have any therapeutic value there is little point to the discussions often held as 
to whether radium or radon is to be preferred as a source in cancer tlierapy. 
Neither radon nor radium is actually used; only their decay-product, RaC' is 
used. Radon and radium therefore serve only to keep up the supply of this 
active product, hence do not enter into the picture directly. There are certain 
differences, however, from a practical point of view since the half-value periods 
of radium and radon are 1620 years and 3.825 days, respectively. The radium 
is of permanent, the radon of only temporary value as the latter becomes prac¬ 
tically inactive within a month. To give a prescribed “dose” radium must be 
removed after a certain definite time, while radon may be left indefinitely 
implanted in a tissue and hence requires only one operation. Radium is ex¬ 
pensive and patients are not allowed to leave the hospital with radium in any 
form, whereas radon sources may be employed in many cases without requiring 
continued hospitalization. Radium provides a constant intensity of radiation; 
with radon the intensity falls exponentially with time, and allowance for this 
must be made in estimating the amount of radon or the time requirement in 
the case of removable sources. Radium “needles” and tubes are likely to be 
larger in size than radon sources having the same radioactivity—an important 
matter in many uses. The contents of a radium source cannot be changed l)y 
the radiologist, whereas the activity of a radon source can be varied through 
wide limits by the radon technician. 

After about a month the amount of radon contained in a scaled tul)e con¬ 
taining radium reaches the equilil)rium value; tliat is, the growth curve shown 
in Fig. 59-6 has practically reached the 100 limit. Thereafter it will decrease 
in activity only at the same rate as the radium content itself decreases through 
its disintegration: about one per cent in 25 years. Therefore it is logical to de¬ 
fine the unit of radon on the basis of this condition of equilibrium, as follows: 
the curie is that amount of radon which is in equilibrium with one gram of 
radium. As this quantity is rather large for practical purposes the millicurie, 
me, of radon, like the milligram of radium to wliicli it corresponds, is the moi'c 
commonly used unit. (The micro-curie, fiC, or 10“^ curies is al.-^o widely used.) 
Thus, a prescribed dose may call for the use of a group of three 10-mg tul)es of 
radium for a period of 12 hr; that is, a dose of 360 ing-hr. Or a radiologist mav 
requisition ten gold implants, each containing 0.6 millicurics to be inserted and 
left permanently in a certain malignant growth. 

It is found that a curie of radon ejects 3.7 X 10^** a particles per second. It is 
therefore a measure also of activity and as such has been applied to other radio- 
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active substances; this amj jnaterial which decays at the rate of 3.7 X 10^^ 
disintegrations per second is said to have an activity of 1 curie, whatever the 
type or the energy of the particles ejected. Both this and the definition of the 
curie given in the preceding paragraph are used. 

60.3. The Radon Plant, and the Preparation of Radon Sources. The 
gaseous nature of radon was pointed out in the preceding chapter. As it is one 
of the noble gases it does not form compounds with other elements, but it does 

have all the characteristics of gases in gen¬ 
eral. Early experimenters, not knowing this 
but observing that bodies in the vicinity of 
uranium and radium became radioactive, 
supposed that something “emanated” from 
such substances and, when it was discovered 
later that this effect was due to a gaseous 
decay-product of radium, the gas was called 
emanation. This name was later superseded 
by its present name, radon. By keeping in 
mind the gaseous nature of radon the opera¬ 
tion of a radon plant will be the more read¬ 
ily understood. 

Many different types of plants have been 
developed, but only a few of them arc used 
to any extent. Of these only one will be 
described in the present treatment. For a 
more extended discussion the reader is re¬ 
ferred to the article by the present author 
included in Glasser’s Medical Physics. All 
plants make use of a closed glass system 
containing a solution of some compound of 
radium, generally radium bromide. It is 
found that under the intense bombardment 
to which the water is subjected it decom- 
])Oses into hydrogen and oxygen which arc later extracted along with the radon. 
The essential function of a plant is to se|)arate these gases from the radon and to 
crowd the purified radon into gold or glass capillaries or into small bull»s as 
may be required. If li(iuid air is available the radon can be readily frozen and 
kejit on the interior surface of a section of the glass tuliing, wliile the hydrogen 
and oxvgen are removed by pumping. Generally liquid air is not at hand, and 

most plants employ other means of purification. 

Perhaps tlic simplest system not using liquid air is that developed by Hender¬ 
son and Moran at Dalbousie University and shown diagrammaticaliy m I'lg. 
60-1. A represents the solution of radium bromide in a small spherical flask, 

B a Toepler pump; (' and D are chambers for the collection and i)urification o 
tlie radon; E, F, and G are stopcocks, and M is a mercury reservoir connected 



Fig. 60-1. Simple radon plant, de¬ 
vised bv Henderson and Moran 
% 

t.-Vdapfed from drawings supplied) 
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to G by rubber tubing which permits its elevation or depression with respect to 
the plant proper. To make a separation and purification of any radon accumu¬ 
lated in A the following is the procedure; Through stojicocks F and E the 
chambers C and D are exhausted to the highest vacuum possible, and F is then 
closed. By alternately raising and lowering M and properly manipulating the 
stopcocks E and G the gaseous mixture containing the radon is pumped into 
the chamber C (or else D). C and D are each provided with thin palladium 
tubes and a wire electrode and each has its interior surface partially coated 
with fused potassium hydroxide. An electric spark passed between the wire and 
the palladium tube serves to explode the hydrogen-oxygen mixture after which 
the residual gases include radon and traces of hydrogen, water vapor, carbon 
dioxide, and possibly other impurities. The hydrogen readily escapes through 



Fig. 60-2. Decay and growth curves of the active deposits from radon (Adapted) 

the palladium tube when heated by a resistance coil surrounding the tube be¬ 
cause hydrogen passes through hot palladium, and the water vapor and carbon 
dioxide combine with the potassium hydroxide. The radon, then practically 
pure, is crowded into the capillary attached to C (or D). In some cases this 
capillary is of glass of the order of 1.5 mm in diameter which is readily divided, 
by means of a tiny pointed flame, into sections having lengths suited to the 
intended use of the radon. It is more often the case that the cajiillary is a 
section of gold tubing sealed onto C with a suitable hard wax. The gold tubing 
widely employed has an internal diameter of 0.15 mm and a wall thickness of 
0.3 mm (in some cases 0.5 mm). Such tubing may be removed and cut into 
short sections as may be desired by means of cutting pliers sufficiently dulled a.s 
to mash shut the bore before severance. In the case of a source required for the 
treatment of a malignant growth in the eye or in the nose, or in any other body 
cavity, a small glass bulb or tube may be fused onto C in place of a capillary. In 
case two kinds of sources are to be prepared from the same pumping, hotli (' 
and D may be employed. 

The length of glass or of gold tubing to be attached for any pumping mu.'^t 
depend on the amount of radon present in the plant and on the strength ami 
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length of the sources required. The amount in the plant can be determined by 
the period of time elapsed since the previous pumping, the known radium 
content of the plant (many employ about 500 mg of radium), and by reference 
to the growth curve of Fig. 59-6 or to tables prepared for the convenience of 
technicians and for radiologists. One has to allow also for the operating efficiency 
of the plant, generally between 80 and 90 per cent. About 4 hr should elapse 
after a pumping before any measurement is attempted of the strength of the 
radon sources thus prepared. This is to give the radon time to attain equilibrium 
with the active decay product. Radium C', since the strength of the source is 

__ ___ judged by the intensity of the penctrat- 

- ' ing y-radiation given out by this decay 

; product. The variations in the contents 

of a scaled tul>e containing 100 atoms of 

, ; . RaA only at time is shown by 

the curves given in Fig. 60-2. Immedi¬ 
ately this number will decrease as in¬ 
dicated by the curve for RaA. The rapid 
decay is to be expected since its half¬ 
value period is only 3.05 min (sec 
Table 59-1). The RaB curve must rise 
corresiiondingly rapidly, but the sum 
of the two curves never reaches 100 be¬ 
cause RaB itself immediately begins 
disintegrating, and forming RaC, and 
so on down the series. Notice that the 
curve for RaD, which has a period of 
22 years, is still rising at the end of the 
period of time represented. 

If a tube containing the active de¬ 
posits of radium be held with the open 
nd down and near to a photographic 
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Fin. CO-3. Enlarffcmont of a '‘star” in 
a film due to an airgrecate of alpha- 
emittiii" siil)>tanco pl.ioed on an nnex- 
jmi.-clI photographic film (Photo l>y 

author) 


plate and jarred, mere “specks of the 
active-deposit aggregates may fall onto 

tlio plate. The later developiiient of the plate may provide striking m-idenee 
of the activity of the deiiosit. .\n enlargement of a ‘‘star" thus obtained i.s MOV\n 
in Fig. GO-3. Tlic stars themselves barely can be detected by the unaided e\c. 
The "rays” of the stars arc the paths of a-particlcs where they struck tliroug 

the gelatine and activated silver atoms. 

60.4. Measurement of Radioactivity. .411 practical measurements ot the 
quantities of radium or of radon involve comparisons with radium standan s or 
accepted substandards, generally preserved in national bureaus of standard or 
in research institutions. The parent standard was prepared anil sealed >n « ’ 

in .\ugust, 1911, by Madame Curie. It was accepted as the standard by 
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Congress of Radiology as containing 21.99 mg of radium chloride. The earlier 
workers in this field used gold leaf electroscopes as indicators of radioactivity, 
and compared sources on the basis of the times required for the edge of a leaf 
to pass over a given range, as observed in an eyepiece provided with a scale. 
The capacitances of such electroscopes may be made very small so that the 
extremely minute ionization currents responsible for the discharge of the elec¬ 
trodes can be compared with accuracy, even though they are of the order of 
only a few micro-microamperes. A more sensitive as well as a more reliable 
instrument is a quartz fiber electrometer, of which one form is shown in 
Fig. 60-4. 

When the switch, S, is closed, the potentials given the plates, and are 
those of the battery terminals and the fiber takes on an intermediate potential 



Fig. 60-4. Quartz-fiber-type of electrometer used in comparing radioactive sources 

(Designed by Allen) 

which, together with the action of the tension spring at the top, brings the fiber 
to the chosen region of the scale. The position of the fiber may be read with a 
telemicroscope directly or, more conveniently, projected on a light-shielded 
scale. As soon as S is opened and the ionization chamber is exposed to radiation, 
the charge on Po is lost at a rate proportional to the intensity of the radiation. 
This alters the field between and P., and causes a corresponding lateral move¬ 
ment of P at a rate which may be determined by a suitable timer. Closing S 
restores immediately F to its initial position. If a single implant is being 
measured it may be caught conveniently from a suitable chute in a cup, as 
shown. If a relatively strong source is measured it is placed at an appropriate 
distance and, if necessary, shielded with a sheet of lead to bring the movement 
to a suitable rate for observation. All measurements are made by comparing 
rates produced by standards with those produced by unknowns, hence it is 
best to have at hand a series of standards so that one of the same order of 
magnitude as the unknown may be used. In practical measurements it is the 
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routine i)iaetice to check the instrument with respect to its rate of leak when no 
radioactive source is near. This leak may be due to cosmic rays, radioactive 
contaminations, or to faulty insulation. In good instruments it may be quite 
negligiiile, but let it be represented by L divisions per minute. Assume that the 
rate of fall with the standard in a particular position is divisions/min and 
that, with the standard removed and the unknown in exactly the same position, 
is i?j.. If the standard has a known content of S milligrams of radium, the un¬ 
known has a value in milligrams of radium or millicuries of radon, as the case 
may be. given by the relation: X = S(R^ - L)/{R, - L) since, in either case, 
the activity of the source is proportional to the net rate. It must be understood 
that the reduction in intensity due to the walls of the containers must be 
allowed for in assigning a value to S, or in interpreting X. For example, if a 
radon source is in gold tubing having a thickness of 0.3 mm, the actual number 
of millicuries present is 1.04 X, which is a point to be considered if one is con¬ 
sidering the efficiency of the plant. 

With the development of electronic circuits a number have been adapted to 
the measurement of radioactive sources. They enable the technician to de¬ 
termine more quickly and conveniently the activity of a source, but the results 
may not be any more reliable. In laboratory measurements the student should 
find the gold leaf electroscope provided with a rcading-telemicroscope very 
satisfactorv indeed for the measurements of variation in activity with time or 

for comparing sources. 

60.5. The Use of Radon-Decay Tables. While the technician or tlie radiolo¬ 
gist might make use of decay curves such as those given in Fig. 59-6, it is more 
convenient to use tallies giving the information indicated in the rather ab¬ 
breviated Table 60-1. 


Table 60-1. Decay of Radon with Time, and .Vccumulated Radiation 
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A more complete table, together with related tables, may be found in 
Volume 2 of Glasser’s Medical Physics. It will be observed that the residual 
radon has fallen to 0.0043, or less than a half of one per cent by the end of 
30 days, so that a radon implant is practically “dead” by that time. All re¬ 
maining radiation will bring the total up to only 133 mc-hr. This means also 
that the growth of r-ray activity in a sealed radium tube or needle, or of a 
radon plant, reaches its maximum value, practically, in about five weeks. 
Standardizing laboratories would not attempt to measure the content of a 
radium source until such a period had elapsed after it was sealed. The ab¬ 
breviated table may be used to find the decay factor for periods not included 
in the table. For example, the factor for 18 hr must be the product of the factor 
for 12 hr by the factor for 6 hr (or of the factor for 16 hr by the factor for 
2 hr). Its value is 0.913 X 0.957 = 0.873. The corresponding value for the total 
mc-hr’s is given by the sum of the two corresponding quantities given in the 
last column after the second has been corrected by the decay factor. This is 
necessitated by the fact that, at the beginning of the second period, less than 
the full 1 me was on hand. The value for 18 hr is 11.5 + 0.913 x 5.90 = 16.9 
mc-hr. The student should check this procedure and the computations. 

The radon technician finds many uses for a table of this kind. For example, it 
answers the question as to how much radon he might expect to obtain after 
2 days and 8 hr have elapsed from the previous pumping. The decay factor is 
seen to be 0.655 for this period. The growth factor is, therefore, 0.345. Assuming 
the plant contains 500 mg of radium and has an efficiency of 85 per cent, then 
the quantity available for a source would be 500 X 0.345 x 0.85 = 146 me. 
Again, suppose that on Tuesday at 9 a.m. he was asked to provide implants of 
0.6 me each for insertion in a tumor at the same hour on Wednesday. If he 
carried out the pumping at once what strength should he give each implant if it 
is to have the requisitioned strength at the time of the operation? The decay 
factor for 1 day as given by Table 60-1 is 0.835. This means that 0.835V = 0.6 
or V = 0.72. Suppose that the technician used slightly too much radon so that 
when he measured the implants at 1 p.m. he found that each still contained 
0.71 me. What will their actual strength be at 9 a.m. the next day? The factor 
for 20 hr is given in the table as 0.86, hence the strength will be 0.86 x 0.71 = 
0.611 me. The radiologist is likely to proceed with the operation as the radon 
contents are as near to the requisitioned quantity as could be expected, and a 
slight alteration in the spacing could correct for the difference. However, the 
value of the ratio 0.6/.611 = 0.982. This is the decay factor for approximately 
2 hr and means that the contents would be as ordered shortly after 11 A.^^. It 
may be decided to postpone the operation until that time, if circumstances 
permit. 

60.6. Various Modes of Utilizing Radon. It was pointed out in a preceding 
section that only the y-radiation from RaC' was of importance in radium 
therapy. The a-rays need not be considered since they could hanlly penetrate 
the wall of the capsule in any case. But the /?-rays can penetrate even a milli- 
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meter of lead, and measures must be taken to provide a sufficiently thick wall; 
generally 0.3 to 0.5 mm of gold or of platinum, to absorb substantially all the 
/^-particles, since they have a caustic effect on the tissues, ^\henever this effect 
is needed, as in certain superficial pathological conditions, the containers are 
provided with especially thin walls or a thin end, but such uses are exceptional. 

The diagrams of Fig. 60-5 are intended to illustrate the action of the absorber. 
In (a) an extremely thin capillary is represented as allowing even a-rays to 
penetrate. In fb) the y3-rays and some of the soft y-radiation arc suppressed. In 
many cases the radon is collected in a tiny glass bulb or in a fine capillary. 
These are then enclosed in screw-capped capsules or surrounded by lead foil. 
Such sources may then be used with about the same technique as is employed 
with radium sources, but with the added flexibility afforded by the radon. 

For interstitial use the radon is generally enclosed in gold tubing of sufficient 
wall thickness to absorb the /3-radiation, and cut into lengths of 4 to 5 min. 



Fio. 60-5. All three types of nulintlon mifjht e.s- 
enpe throujrh a thin sealed tube containing radium 
and its decay products. For use in radium therapy 
tliesc must be enclosed in platinum or gold to ab¬ 
sorb all but the gamma radiation 


called implants, but often referred to as “seeds.” These may be implanted by 
the surgeon according to a previously worked-out pattern to ensure that thc\ 
arc so uniformly spaced that the body of the tumor is sufficiently irradiated 
throughout yet necrosis is not suffered in any portion. Some implants arc 
made removable by means of attached threads, but the more general practice is 
to leave them permanently embedded in the tissue. Their presence can do no 
harm since they become juactically inactive in about a month. Kadium needh's 
may be used interstitially in the same manner as radon implants, but their use 
involves greater inconvenience and trauma, becaii.^e of their bulk, and a second, 
though minor, operation is required to remove them. For most intracavity uii- 
plications ra<lium or radon arc equally useful except for the greater flexibility 

of the radon. 

60.7. Radium Dosage. A mere statement of milligram-hours is meaningless 
as to the do.se received by a tumor, because so much depends on the shape and 
arrangement of the sources, their distances, and on the filtration. Fortunately 
the “r" unit was defined as to be applicable to y-radiation as well as to 
x-radiation. A cross relationship has been e.-tabli.dicd in the fact that eitlier 
1 mg of radium or 1 me of radon will deliver through 0.5 mm of platinum 
8.4 rdir at a distance of 1 cm from the center of the source, assumed spherical. 
The coefficient of linear absorption in tissues is 0.025'em or the loss per centi¬ 
meter is practically 3 per cent, but this lo^s is largely offset by a gain (hie to 
scattering; hence the intensity varies inversely as the square of the distance. 
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practically. For the treatment of surface malignancies the sources are suf¬ 
ficiently removed to give substantially uniform irradiation to the body of the 
tissue requiring it. The optimum distance for any particular case is likely to be 
between 0.5 and 5 cm, the choice depending on many factors. A great advantage 
is secured by having the sources as close to the tissues as is possible without 
having too much unevenness in the irradiation. Obviously for the same total of 
milligrams of radium (or millicuries of radon) the more even distribution is to 
be obtained through the use of many small units rather than a few large sources 
and this, in turn, makes possible smaller spacing and greater uniformity in 
radiation. 

While the tables arc more directly applicable to the employment of external 
or of intracavity sources they have been aj^plied also to interstitial api)lications 
by assuming the effective distance to l)e 0.5 cm, anti the layer treated to be 
about 1 cm in thickness. In the case of nonremovable implants it is assumed in 
making the calculations that each implanted millicuric delivers a total of 
133 mc-hr. The average sjiacing of such is roughly 1.5 cm. In the case of tumors 
of considerable thickness, two or more planes of sources must be employed. The 
relatively narrow range between that which is lethal to cancer and that which 
normal tissues cannot tolerate means that the volume and shape of the 
malignant tissue must be determined, that all calculations must be carefully 
made, and that the implants must be accurately spaced if satisfactory results 
arc to be obtained. This is all possible in a clinic in which a i)hysicist is in¬ 
cluded in its personnel, along with competent radiologists and surgeons skilled 
and experienced in the treatment of cancer. The correctness of calculations 
and the accuracy in measuring the strengths of sources arc quite as important 
as the skill of the surgeon, and a large portion of the failures to achieve suc¬ 
cess in the use of radium have been due to failures to provide personnel and the 
needed physical instruments to take care of this aspect of the work. The em¬ 
ployment of physicists in cancer clinics fortunately is increasing rapidly at the 
present time. 

60.8. Protection of Personnel. Since y-radiation and x-radiation arc iden¬ 
tical, the problems relating to protection arc largely the same. The main dis¬ 
tinction has to do with the great difference in the nature of tlic ecpiijunent re¬ 
quired. Either radiation can produce “burns” which in many cases lead to 
malignant conditions, can cause sterility, adversely afl'cet the blood count and 
do other damage to the body. The indifference to the dangers which tends to 
grow out of familiarity and routine and the fact that the damage to the body 
rarely is immediately evident greatly contribute to the unfortunate results of 
excessive radiation so often suft'ered by the radiologists themselves. At various 
times during the past half-century competent committees have been apiiointed 
to study the problem of protection, and the results of their findings are now 
available to those working in this field in the form of imhlished standards and 
rules. (See the Committee report published in April, 1938. Rddiohgii, and in 
Robertson’s text.) Only a few of the more imimrtant i)oints which might apply 
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equally well to physicists having to do with x- and r-radiations in the labora¬ 
tory can be included in the present treatment of the subject. For both radiations 
distance offers the most convenient and effective protection. If one moves his 
hand from a distance of 1 ft to 10 ft from an x-ray target, the exposure is re¬ 
duced to one-hundredth the initial value. A technician, picking up a radium 
source with his bare fingers may have his skin within 4 mm of the element. By 
using the 10-in. (254 mm) forceps with his fingers at even 160 mm his ex¬ 
posure would he reduced to l/1600th of that received by using the fingers 
directly. Even if he is “quick about it" and holds it only 3 or 4 sec, he would 
suffer as much exposure as would be involved in holding it for 2 hr with the 
forceps described. The preferred protective material used for both types of 
radiation is lead as it is more available and easily worked than other metals of 
high atomic number, as well as less expensive. Building materials such as steel, 
concrete, and brick may be used either in conjunction with lead or alone, since 
they may serve a double purpose, being required for structural purposes in any 
event. The amount of lead needed varies with the voltage from about 1 mm for 
75 kv to 15 mm for 400 kv. 

In the case of x-radiation the use of the fluoroscope, as mentioned previously, 
offers the greatest danger, partly because its use cannot be delegated to un¬ 
trained technicians who could be employed for only a few montlis before being 
transferred to other services. Even when using a lead screen and viewing the 
fluoroscopic screen through lead glass the physician must still use his hands, 
sometimes for prolonged periods as in the reduction of fractures. All workers 
know of the danger of exposure to the direct beam, but not all realize that wlicn 
standing near a patient receiving deep therapy the scattered x-radiation re¬ 
ceived from a single patient may exceed the daily tolerance dose. Lead-impreg¬ 
nated rubber gloves have the equivalent of from 0.3 to 0.4 mm of lead and lead 
aprons somewhat more, but they are not always worn when needed. While 
the high-tension cables formerly used have been displaced largely by shock- 
proof cables, caution and the use of nonconducting floor coverings arc still 

advisable. 

In radium therapy much of the danger has to do with the failure to employ 
proper protecting shields when assembling radium .sources, to return radium 
promptly to the lead storage safes, to use long-handled instruments, and to 
provide well-ventilated and lighted rooms. Lead storage safes should have 4 
in. or more of lead protection, and the radium needles and tubes should be 
divided among many small drawers. Strong sources should be transported to 
operating rooms in lead-bodied hand-trucks or in lead vessels carried at the 
end of long handles. Lead protectors should be faced with aluminum, masonite, 
or other substances sufficiently thick to absorb the secondary radiations from 
lead which are themselves harmful. As much as possible of the work unavoid¬ 
ably involving exposure should be done by nurses (or by trained technicians) 
employed for no longer than six-month periods, since the effects are cumulative. 

The' operation of a radon plant inherently involves greater hazards since 
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glassware systems are especially liable to leaks and to breakage, and the escape 
of radon is certain to occur repeatedly. This means that the room should be 
well ventilated. The technician should confine any general work about the 
plant to a period beginning a few hours just after the radon has been removed 
and the plant has little y-ray activity. The work of preparing sources should 
all be carried out behind a lead shield 2 in. or more thick, using long forceps 
and accessory hand shields. The measurements- 
rooni should be well removed from the plant and 
provided with many protecting lead shields. For 
the storage of live-implants a storage lead disk 
provided with a long handle, of the type shown 
in Fig. 60-6, is recommended. The lower lead 
disk can be rotated by the long carrier-handle to 
bring any one of a number of hemispherical de¬ 
pressions, arranged in a circular row, to the open¬ 
ing. This arrangement makes it possible to gain 
access to one of the cups without being exposed 
to the contents of any other. Radium and its 
decay-products, taken into the body, whether by 
breathing radon or radioactive dust, by mouth or 
from radioactive solutions in contact with the 
skin, tends to settle in the bones and to remain 
permanently. As little as from 2 to 10 micro¬ 
grams may prove fatal, due largely to the de¬ 
struction of the blood-producing cells and to 
osteogenic sarcoma. 

There is wide disagreement as to the amount 
of radiation which a body can tolerate without 
harm. T!ie mo.st stringent requirements are those specified by the American 
])oard which limits tlie daily dose to 0.1 r with a .smaller limit of 0.025 r for the 
genital organs. The cliance of gene-mutation, while real, is actually exceedingly 
small. Also the radiation do.'^e due to cosmic rays and to any radiation arising 
in tlie atmosphere or in the earth’s crust is very small, amounting to only 
0.0002 r daily. Whether or not such radiations, through the ages, may have 
brought about the past mutations is a question which is not easily answered. 



Fig. GO-6. Protected disk foi 
storage of gold implants. The 
lower di.<k contains many 
hemispherical pockets but 
only one can be exposed at a 
time, as the disk is rotated 
beneath the upper lead plate 
(See article by author in 
Cdasser'.s Medical Physics) 


Problems 

1. A technician found that the natural leak of an electroscope was 3 divisions ^min. 
If a 10-mg radium standard gave 27 divisions/min and an unknown radon source gave 
39 divisions/min when placed in exactly the same position, what was the .strength of 
the radon source? (Ans. 15 me) 

2. If the effective distance in Problem 1 was 40 cm, what would have been the 
observed rate for the standard at a distance of 48 cm? (Hint: calculations must be 
based on net rates, then the result corrected.) 
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3. Approxinintply how long would it take a radon tube to deliver 1000 medir if it 

eontain? 25 me? {Ans. From tabic?, 2 days, approximately) 

4. What do?age would the tutje of Problem 3 give in 4 days and what would be it? 


strength at the end of this period? 

5. Using Table GO-1 show that the factor for 16 hr is consistent with the^ factors 
for either a 12-hr and a 4-hr combination, or for two S-hr periods. {Ans. 0.SS5, O.S.^G, 
0.S66 arc consistent) 

6 . Check also the mc-hr value for 16 hr with the 12-hr and 4-hr combination and 
with the S-hr and S-hr combination in the manner shown by the example in the text. 

7. A radon technician pumped on Friday and again on Monday at the same hour. 
How manv millicuries should he have gotten on Monday, assuming the plant has an 
efiicienev of S4 per cent and that it has 500 mg of radium in solution? {Ans. 176 me) 

8 . Suppose that the radon of Problem 7 was divided equally among six capillaries 
and used in making a surface plaque S hr after the second pumping. What was the 
strength of each capillary at that time? 

9. A technician is asked for a radon source of 120 me. Approximately how long must 
he wait after a previous pumihng if the plant containing 500 mg of radium has an 

efticiency of 0.80'’ {Ans. Approximately 2 days) 

10. A radiologist received some radon iinjilants of O.S me each, As they were some¬ 
what stronger tlian he wanted he postponed the operation 0 hr. How strong were 

thev when used? 


Suggested Re.^dings 


See list at end of Chapter 59. 



Means of Producing High Energy 
Particles 


61.1. Introduction. Natural radioactivity occurs in a few of the heavier 
elements, such as uranium, of which the nuclei arc very nearly, but not quite, 
stable. In Chapter 59 it was shown that, when these do break up, a series of 
transformations occurs winch end in lead, but which involve a number of in¬ 
termediate decay products having relatively high activity and correspondingly 
short half-value periods. It became obvious to Rutherford and to others that 
other radioactive nuclei might be 
produced by adding particles to 
nuclei normally stable providing 
such particles could be given suffi¬ 
ciently high energies to bring about 
their entrance into the stable nuclei. 

The only sources of high energy 
particles then available were tlic 
natural radioactive substances, but 
the quantities at hand were so very 
limited and the probability of suc¬ 
cessful impacts against such minute 
nuclei was so small that no evidence 
of induced radioactivity was ob¬ 
tained until 1919. In this year 
Rutherford found definite evidence 
that high-speed protons could be pro¬ 
duced by firing a-particles into 

nitrogen gas placed in a Wilson cloud chamber (WCC) in order to be able to 
detect evidence of any transformations ])roduc(‘d. In Fig. 61-1 is produced a 
typical Wee photograjdi in wliich, along with the heavy tracks associated 
with the a-particlcs, a long-range, lighter i)roton track appears. Tracks pro¬ 
duced by a forward transfer of momentum from a-partieles to atom.< of various 
gases which agreed with tlie laws of energy and momentum had already been 
studied. But the new j)articlcs observed by Rutherford had greater energy than 
tlie initial a-particles, which energy could have come fro!u only the nucleus of 
the disintegrating atom. Rutherfonl’s work stimulated great interest in nuclear 
j)hysics and led to the development of a number of difierent means of produc- 
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Fig. 61-1. Wilson cloud chamber photo¬ 
graph showing alpha-particle tracks and 
al.'^o a long proton track arising from the 
disintegration of a nitrogen atom (Ailaptcd 
from pliotograjdis originally hy Blackett) 
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ing high-energy particles of various types. So successful have these been that 
radioactivity has been artificially induced in practically all the normally stable 
nuclei. 

These artificial radioactive substances vary widely in their activity and in 
the nature of the emitted particle, just as do the substances which are naturally 
radioactive. However, their behavior is quite in line with the principles and 
laws already described in relation to the latter. Indeed one might well suspect 
that most, if not all, the hundreds of the new artificial radioactive atoms pro¬ 
duced during recent times could have had a transient existence as natural 
radioactive substances at some stage in the evolution of our physical world, 
and may now be contributing to the high cnerg>" output of some of the cosmic 
bodies. It must be realized that all of our present radium was produced com¬ 
paratively recently, for radium, too, would long ago have become virtually 
extinct except for its continued production by the slightly unstable uranium 
nuclei. 

In this chapter some of the present methods of producing high-energy par¬ 
ticles capable of causing nuclear changes will be described. To give charged 
particles the needed high energies, magnetic and electric fields must be utilized. 
Such particles may be fired directly into nuclei or their energy may be trans¬ 
formed into gamma or into neutron radiation and thus indirectly used to bring 
about nuclear changes. The particles, which at present are employed directly 
or indirectly to induce radioactivity, include electrons, protons, dcuterons, neu¬ 
trons, a-particles (He nuclei) and high energy photons. 

61.2. Linear Accelerator. One of the earliest and most successful means of 


giving positive particles high velocities was that of Cockcroft and Walton. In 
a special discharge tube they succeeded in firing positive hydrogen ions that 
is, protons—into the nucleus of lithium atoms with an energy corresponding 
to 150,000 cv. Lithium was chosen since the Li atom contains 4 neutrons and 


only 3 protons, and it might therefore accept an additional proton to rouncl out 
its symmetry. This action actually took place, eacii time producing an unstable 
atom of beryllium. It was found that the Be atom split and that each part 
contained 2 protons and 2 neutrons, which means that two a-particles resulted. 
Upon acquiring electrons these became normal helium atoms. The significant 
observation was then made that each of the separating a-particles had an 


energy of 8.5 Mev, or together 17 Mev, far in excess 


of that possessed by the 


initial i)article. Botli this experiment and the one by Rutherford, thirteen years 
before, jiointcd to the possibility of tapping for other purposes the vast amount 
of energy proved to be stored in the nucleus, for in both cases the nucleus itself 
supplied large cjuantities of energy to the emitted particle. A theoretical dis¬ 
cussion of this and of other evidence of nuclear energy will be given in the next 


chapters. 

.\lthougb the Cockcroft and Walton experiment gave the proton linear accel¬ 
eration the energy given to the particle was determined by the voltage of the 
accelerator, aiul this was limited by practical considerations, including the 
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difficulties of insulation. The 1930-40 decade saw several schemes developed 
to make multiple use of the potential available on the same ion, and thereby to 
give it many times the energy which a single application of the potential could 
impart. One of the earliest attempts of this sort was that of Sloan and Lawrence, 
who used the scheme indicated diagrammatically in Fig. 61-2. By means of 
the transformer, pulses of positive ions were fed into the row of cylinders hav¬ 
ing a common axis once in each cycle. Each cylinder was given a lengtli equal 
to the distance that the positive ions would move during a half-cycle. Since 
the alternate cylinders are joined to the two leads of the oscillator supjdying 
the accelerating potentials the + ions are accelerated each time they cross a 
gap and their energy is increased by eV, where V is the effective voltage built 



Tnmnrffinn 
110 volts I 


Fig. 61-2. Scheinntic dingram of one type of linear accelerator 


up by tlic o.scillator between tlie two sets of cylinders. This means that suc¬ 
cessive cylinders had to he suitably increased in length to allow for the increase 
in speed, and this requirement places a practical limit on the number of cylin¬ 
ders that can be employed. An early installation provided with 30 accelerating 
cylinders and an accelerating voltage of 42,000 provided 1.26 Mev particles, 
and an ion current of 0.1 //amp. Just as explained in connection with the elec¬ 
tron microscope (sec Fig. 51-11) each gap has a focusing action since in the 
gap the particle is given a net slight deflection toward the axis of the cylinder. 
It is this fortunate action that makes possible the use of so many cylinders in 
the scries. 

Taking advantage of the higher jiowers and frequencies of generators devel¬ 
oped during the war, Alvarez combined the advantages of a 4-million-volt Van 
de GraatY generator constructed in a pressure tank (27 ft long) with those of a 
linear accelerator constructed in a vacuum tank (40 ft long), and secured a 
beam of 40 Mev protons. Among the main advantages of a linear accelerator 
are the excellent control afl'orded and the steadine.<s of the output. Xew tvpes 
of linear accelerator have been developed l)oth in England and in Holland 
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particles without the use of such long paths as are generally required for linear 
accelerators of similar rating. The linear accelerator described above could 
not be used satisfactorily for electrons or for even light ions. The new schemes 
may be used with electrons, and can produce x-rays in the multi-million-volt 
range. The new accelerators are made possible by the development of high- 
power generators of ultra-high frequency waves. The waves used have a length 
of about 10 cm. One of the three different types which have been developed 
involves shooting from a 50 Kev electron gun a burst of electrons just in ad¬ 
vance of the crest of a wave directed 



Fig. 61-3. Schematic diagram of the mag¬ 
net and the “D’s” of a cyclotron showing 
also a somewhat enlarged view of the T)‘s 


down a wave-guide tube. Throughout 
the length of the tube the electron ac¬ 
quires energ>’ from the wave in much 
the same way a surf rider gets it from 
an ocean wave. During the advance 
down the tube the wave and the pulse 
of electrons gradually arc accelerated 
and acquire a velocity approaching 
that of light. !Models have been con¬ 
structed in which the electrons arrive 
at the target with energies of the order 
of 4 Mev. Sucii a generator is called 
a traveling-wave accelerator and 
shows promise of being useful in 
cancer therapy. 

61.3. The Lawrence Cyclotron, Like 
the linear accelerator the cyclotron 
makes u.sc of repeated impulses ap¬ 
plied to the same -I- ions, but with the 
linear i>ath replaced by a flat spiral 
one. the successive turns of an ever- 
widening circular path serving the 
same way as tiie increasing lengths of 
successive linear accelerator tubes. To 


make this possitile the entire, closely-wound spiral path is completely within 
the magnetic field of a huge magnet, of which the function is to force tlie + ions 
to follow curved paths. The heart of the cyclotron is the pair of hollow, semi¬ 
cylinders having the form of the letter D and popularly called '‘dees, \\hich 
arc connected to a iiigh-frequcncy oscillator. The general arrangement i^ 
shown in Fig. 61-3. By suitable means, not shown, hydrogen or some other 
gas such as deuterium or helium is slowly admitted, and through the action 
of a filament is ionized. The ]>ositive ions thus formed are introduced into 
the space between the two dees at tlie instant D., is negative and po^iti^(■ 
This drives tlie -b ions, in this case protons, into D. in wliich they follow 
a circular path due to the magnetic fiehl cstablisheil throughout the region 
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of the decs. The frequency of the oscillating field between the dees and 
the strength of the magnetic field are so related that the + ions have ex¬ 
actly the right time to move through a semicircle and return to the gap just 
at the moment has become negative with respect to D.,. The field thus estab¬ 
lished between the two dees then gives to the -H ions additional energy, hence 
higher velocity so that they will follow a circle of larger radius in the following 
half cycle. As will be shown in the next paragraph the time required to com¬ 
plete a half cycle is independent of the velocity of the ion since the diameter 
of the circular path followed, hence the distance traveled, is directly propor¬ 
tional to the velocity. This fact is the key to the success of the cyclotron, for it 
means that the -I- ions can continue to acquire energy at each crossing of the 
gap, gradually increasing the diameter of their path in spiral fashion until 
they reach the limit of the magnetic field. The total kinetic energy gained by 
an ion will depend on the effeetive voltage between the dees and the number 
of crossings made by the ion. The latter will increase with the diameter of the 
pole pieces of the magnet. The original cyclotron had a pole diameter of 4 in.; 
the largest ever built has a diameter of 184 in. or more than 15 ft. 

In Chai)ter 51 it was shown that for a particle having a charge e and mass 
771, and moving in a circular path of radius r due to a transverse magnetic field 
//, the following basic relation holds: 


Hev/10 = mv~/r from which - = 7 ^ 

V Hrc 

But the time required for a particle to make one trip around a circle is: 

T — 

V ~ He 

From this relation it is seen that the time is independent of the radius of the 
circle and also of the velocity. It therefore becomes a matter of adjusting the 
magnetic field, II, to the value of m/e for the particles employed as projectiles. 
The energy acquired by any particle will depend on the gain in energy made 
at each crossing between the dees and on the number of crossings made be¬ 
fore the radius of its expanding spiral path reaches the maximum value it 
can have. In the case of the 184-in.‘cyclotron a-i)articles have been given en¬ 
ergies as high as 400 Mcv. Such energies are far al)ovc those of the a-particles 
emitted by the natural radioactive elements and have given the cyclotron an 
important role in the field of nuclear physics. With such energies availal)lc all 
elements arc subject to disintegrations and transmutations with reasonable 
efficiency. In Fig. 61-4 is shown a typical installation of a cyclotron. 

For the development of the cyclotron and for its many and diversified con¬ 
tributions of both scientific and practical value the world is indebted to Profes¬ 
sor Ernest 0. Lawrence. lie and his associates not onlv built the first cvclotron 
and the last giant, the 184-in., and intermediate sizes in his own laboratories 
but actively coojx'rated in the construction of many cyclotrons in laboratories 
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other tlian his own. The general appreciation and recognition of the dominant 
part he has played in this field is seen in the award to him of the Nobel prize 
in Physics in 1939, and in the many other honors received by him. During 
World War II tlie cyclotrons played an important part in projects having to 
do with atomic energy. 

All cyclotrons have means of deflecting the + ion beam, as it reaches the 
periphery of the magnetic field, into a portion of the vacuum chamber in which 
the bodies of material to be bombarded may be placed and used as a target; 
in some cases the beam may be shot out through thin windows into the air 



can be judged 


outside in which it may produce a luminous beam of considerable length. Since 
.^ome of the transmutations produced result in the emission of neutrons, the 
cyclotron may be used as a source of high-energy neutrons as well as of + ions. 
61.4. The Synchro-Cyclotron. According to the tiieory of relativity due to 
Einstein, the mass of an electron or of any other particle is given by the relation 


Wo 


m = 


\ I - {v:cf 

where is the mass of the same particle when at rest, v its velocity, and r is 
the velocity of liglit. Ordinarily tiiis relation is of no practical importance since 
tlie velocities concerned are negligible compared to that of light. pj\en 
velocity of one-tenth that of light, 18,000 mi/sec, tlie correction is only a hal 
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of 1 per cent. But the high velocities of electrons so closely approach that of 
light that the change in mass must be taken into consideration. For example, 
the mass of a 100 Kev electron is about one-fifth greater than its normal or rest 
mass, a 1,000 Kev electron has a mass of 2.29m(„ and the mass of a 10,000 Kev 
or 10 Mev electron is roughly 20mo. This means that the cyclotron, which de¬ 
pends on the constancy of in, cannot be used successfully in the acceleration 
of electrons. Even with the heavier and much slower -j- ions of hydrogen, deu¬ 
terium, and helium, the change in mass becomes large enougli to fix a limita¬ 
tion on the energies attainable. For the same velocity and hence the same limi¬ 
tation fixed by the above relativistic relation the a-particlc could be given a 
larger amount of energy than could be given to either a proton or a deuteron 
since it has a mass of four times that of the proton and twice that of the deu- 
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Fig. 61-5. (a) The form of the porcelain “clonnt/' the key-part of a betatron, (b) Sche¬ 
matic arrangement of the essential components of a betatron 


teron. But the velocity which can be imparted to a particle depends on also 
its charge, and in this the a-particle has tlie advantage of having a charge 
twice as great as that carried by either the proton or the deuteron. Theory and 
experiment have shown that the unmodified cyclotron cannot give to either of 
the latter the energy which it can give to the a-particle. 

This proi)lem has been met l)y the expediency of decreasing periodically 
in a graded fashion the frequency of the oscillator in order to give the 


particle more time to make each circuit, in keeping with its increased mass. 


In the 184-in. cyclotron a decrease of from 12.5 to 8.5 megacycles per second 
is brought about 120 times per second, and this results in a like number of 
spurts of -b ions possessing a higher energy tlian could otherwise be imparted 
to them. A cyclotron modified in tiiis way is known as a synchro-cyclotron. 
61.5. The Betatron. As the name suggests the betatron is a device for su])- 
plying high-speed electrons. These may be used to produce penetrating x-rays 
or, with special adaidations, to make available an external beam of electrons. 
To D. W. Kerst goes the credit for the development of this instrument. His 
first was a 2 Mev machine, the latest reached 300 Mev. The heart ot the in- 
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strument is a doughnut-shaped porcelain tube called “donut” in which elec¬ 
trons are liberated by means of an electron gun which gives them high velocity 
tangential to an equilibrium path around the donut. The donut really serves 
as the secondary of a transformer. It has been pointed out that a rapid rise in 
the magnetic flux in a transformer core induces an EMF in the secondary, and 
that the flow of electrons in the latter is hindered by the presence of the atoms 
of the secondary conductor. But the electrons of the betatron, constrained to 
move in a circular path within the evacuated donut by the magnetic field do 



*0 
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Fic. (H-T). Betatron ('J2 Mevj constructed by Allis-Chalmcrs and installed at the 
rniver>ity of Sa'katclicwan as arraimcd for cancer research. Xote the heavy lead 
shield placed in front of the hetatron to .-hield tlie patient, except lor the space 

limited l)v the cone 


not .^ufi’er this handicap. They tliercforc attain a velocity fixed by the change 
in flux in the core of the magnet during the “iisefur’ quarter-cycle. This is the 
{juarter-cycle in which the field is accelerating the electrons in the direction 
wliich causes them to strike the x-ray target within the donut. 

A tyjjical donut is shown in Fig. 61-5fa), and its arranfremont between the 
magnets is shown in Fig. 61-.oib). A photograph oi the 22-Mev betation in¬ 
stalled and in operation at the University of ^Saskatchewan is rei»roduced in 

Fig. 61-6. Its power re(iuirement is al)Out 26 kw. 

The magnet of the betatron shown operates on a 180-cycle power source, 
but the useful build-up of the magnetic field occurs in only the first quarter of 
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the cycle, as indicated in Fig. Cl-7. The higli final velocity of the electrons is 
theiefore all acquired in 1/720 sec, but there are 180 pulses of electrons de- 
livcied each second. l*or efficient operation the electrons must be injected at the 
piopei instant, A, and also the orbit must be expanded (by the expander coil) 
at the proper instant, C, in each cycle in order to make the electrons strike tlic 
x-iay target at the optimum point in the cycle. The expander coil with its 
auxiliary circuit makes it possible to produce this expansion also at earlier 
points, as B, so as to obtain, if desired, x-rays of lower energy than the maxi¬ 
mum which can be produced by the instrument. This is an important advantage 
when using the betatron for research work in nuclear pliysics. The pole pieces 
are so shaped and the coils so arranged that a 
magnetic field is produced which tends to hold 
the electrons in their equilibrium orbit (of radius 
J'y), no matter what their velocity or whether 
they were initially above or below, inside or 
outside this orbilllThc behavior of the electrons 
is suggested by the diagram in Fig. 61-5(a). 

Actually the electrons acquire most of their final 
velocity, which is close to that of light, in a 
comparatively few trips around the donut, Tliere- 
aftcr the energy imparted by the increasing fielil 
is expended largely in increasing the mass of the 
electrons, which by the time the orbit is expanded 
have acquired a mass of 40 to 50 times their 
rest mass, All this energy is available for in¬ 
creasing the energy of the emitted x-ray plioton, 

and it is acquired without the use of any correspondingly high voltage. In the 
betatron described the electrons acquired about 100 ev of energy for cacli round 
made, and they make about 250,000 rounds during tiie l/720th sec in which they 
are accelerated. By the end of this period they have accumulated an energy of 
100 X 250,000 or 25 x 10^ ev or 25 Mev. The actual emission lasts only about 
1 microsecond for eacli iiulsc, hence the betatron is virtually idle about three- 
quarters of the time of operation. The efficiency of the transfer of energy of the 
electron pulse into a burst of x-rays is so very higli (believed to be well above 
50 per cent) that the target is not greatly heated. In contrast, with ordinary 
x-ruy tubes the efficiency is less than 1 per cent, and the target runs hot in spite 
of all the i)i-ovisions for cooling it. Moreover, in tlie betatron the forward mo¬ 
mentum of tlie electrons is conserved and results in the concentration of the 
entire beam in a comparatively slender cone of about 10° apex angle. Since 
it would bo liardly practicable to use a smaller cone Johns estimates that the 
optimum energy for therapeutic uses lies between 20 and 50 Mev. Tiie ih'pth- 
dose curves for the betatron were presented in Fig. 58-11 (b). 

Attention was called in Chapter 58 to the potential usefulness of the betatron 
in cancer therapy. The high penetration of its x-radiation makes it pai'tieu- 


Fig. 61-7. FJectrons arc ac¬ 
celerated ill the (loimt of a 
betatron during only one- 
quarter of each cycle. To ob¬ 
tain lower energies even less 
of the period i.s u.<ed 
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larly well suited also to industrial radiography for the detection of flaws in 
thick metal castings and in welds. 

It has been found possible to bring the electron beam out through a window 
where it may be used for experimental or other purposes. There are several 
reasons for believing the electron beam could be used in the treatment of 
tumors, but no statement to this effect can be made until additional research 

work has been done. 

61.6. The Synchrotron. This high potential generator is essentially a beta¬ 
tron provided with a donut incorporating a resonance cavity. In this electrons 
are given high velocities first on the betatron principle and then given addi¬ 
tional energy in the form of increased mass each trip made through the cavity. 
The synchrotron has no advantage up to the 25 Mev energy level, but at much 
higher ranges tlie scheme makes possible higher energies without a correspond¬ 
ing increase in the size of the generator, thus saving both cost and space. It is 
reported that plans are now well advanced at the Brookhaven laboratory look¬ 
ing toward the construction of a synchrotron capable of accelerating protons 
on the same basic principle. The designers expect that the machine will yield 
protons having energies ranging up to 10,000 Mev. If the project should be 
undertaken and should succeed in accordance with present plans tlie gap be¬ 
tween man-made radiations and those produced by cosmic sources would be 
practically closed. The magnitude of the undertaking is suggested by the fact 
the plans call for an orbit 160 ft in diameter. 

61.7. Nuclear Sources of High-Energy Particles. Various atomic energy 
“piles’' now in use make available large amounts of high energy particles and 
radiations througli taking advantage of the energy rcleasecl in nuclear fission 
and in other types of disintegration resulting from the synthetic production of 
unstable nuclei. Tlie principles involved will be discussed in the later chapters. 


Problems 


1. Given the relation m = 


m 



. Find the value of the mass of a particle 


in terms of for eaeh of the following assumed velocities: c/2, 3c/4, and 9c/10. (dns- 

1.152m,. 2.2nm,,) . 

2. Compare bv direet proportion, using the equation of Problem 1, the ma ? 

particles of like nature but having velocities of 0.80c and 0.99c, respectively. 

3. Using the basic equation Ihv 10 = mi-Vr write out four simple ratios invoiunr, 
two of the variables at a time, in each case assuming the other factors remain cons an 
Express in words eaeh proportion as a law. (/l«5. Hi/H^— rUr,, etc.) 

4. Assuming that it requires on the average an energy of 33 ev to produce a p- 
of ions in air, find the maximum number of ion-pairs which could be 

an electron emerging from the window of a generator with an energy of 18 ^ lev. 

5. Compare the effectiveness of a photon emitted by an x-ray target operating . 
400 Kev with one from a 20 Mev betatron, assuming that the complete absorp lo 
the energy takes place through ionizing action within the tumor, f A/is. Ratio o o 
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6. Calculate the wave length of the hardest radiation that could be produced by 
(1) a 400 Kev x-ray installation, and (2) a 22 iMev betatron, using the fundamental 
relation given in Chapter 57. 
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Nuclear Physics—The Transmutation 
of the Elements 


62.1. The “Potential Hill” and the “Well” of the Nucleus. In Chapter 55 
the implications of the Rutherford experiment on the scattering of a-particles 
by the gold foil were discussed. The evidence clearly pointed to the conclusion 
that the nucleus is extremely small, and occupies only a minute fraction of the 
atom as a whole. The mechanical model shown in Fig. 55-2(d) was designed to 
illustrate the behavior of the a-particles within the foil. This was constructed 
on the basis of the Coulomb inverse square law from which it follows that the 
potential at points within the region of a charged body must vary inversely as 
their distance from the body. Such a variation was represented graphically m 
Fig. 55-2(b), and a turned model cone to represent the variation in potential 
a))Out the nucleus was shown in (c). Each “atom” in the mechanical model was 
a cone of this type. Since the curve of (b) is a hyperbola the value of the 
potential, V, would become infinite as the radius of the cone approached zero, 
and it would be impossible for any particle to reach the axis. But the nucleus, 
although small, docs have a finite volume, and the Coulomb law of force breaks 
down at a certain distance, from the center of the nucleus. This distance 
may be assumed to mark the boundary of the nucleus, whatever that 
To represent the nucleus in which the protons and neutrons arc held a “well 
is turned in the model and the rim of this well constitutes a barrier to the en¬ 


trance to and the escape from the well by charged particles. 

Ordinarily other nuclei, and particles in general, are quite unable to ap- 
lu-oach within the distance r„ from the center of the nucleus. However, the 
wave-mechanical thcoiw, according to which each particle has associated ^Mt i 
it a wave system wliich is closely related to the behavior of tlie particle, ho f s 
that any particle approaching the nucleus would have a certain probabilit\ o 
“tunneling” through the barrier and entering the nucleus even though it pos¬ 
sesses less than the energ>' required to go over the top at r„. This probability 
increases with the energy of the particle. The theory accounts for this on the 
assumption that resonance conditions may make possible the penetration ^ ^ 
nucleus by particles not possessing the energy normally demanded by the height 
of the potential-barrier wall. Considerable experimental support for this con¬ 
cept was obtained by Chadwick and Feather who found that aluminum, which 
has a computed potential barrier of 8.6 IMev may show more disintegrations 
when bombarded with a-particles having energies lying between 4 and 5.3 ^lev 
than when the impinging particles have either slightly higher or lower energies. 
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The cyclic manner in which the effectiveness of the bombarding particles de¬ 
pends on their energies clearly suggested a resonance effect. However, in spite 
of this the chance a particle has to enter the nucleus is small unless it has as 
much or more energy than that demanded by the height of tlie barrier. 

This means that only the particles ejected by the nuclei of radioactive ele¬ 
ments and the particles given high energies by tlie cyclotron and other genera¬ 
tors of high potential are likely to succeed in entering the nucleus. Once inside 
the nucleus the particles appear to be in a “potential well.” If the distribution 
of energy is such that no particle has a finite iirobability of escaping then the 
nucleus is stable. If there is a fair possibility of acquiring tlie needed energy 
then the nucleus is not stable, in other words the atom is radioactive. The 



Fig. 62-1. Representation of various types of nuclei, (a) Variation in potential near 
a nucleus. Chargcil particles must generally go over the barrier, neutrons may readily 
pass through it. (h) Stable nucleus. Nucleons have little chance of escaping, (c) 
radio-active nucleu-s is one from which the nucleons have a finite chance to escajie 


activity in any ca.so is a measure of tlie probability that a nucleon, as any 
constituent nuclear particle is called, will accpiirc the energy needed to escape. 
The general concept may be graphically represented by Fig. 62-1. In this (a) 
suggests the variation of potential with radial distance. The maximum ordinate 
reached by a bombarding particle is determined by its initial kinetic energy. 
Should it by resonance or by going “over the top” succeed in entering the nu¬ 
clear well it is said to be “captured” and it then has no more chance of escape 
than any other particle of the same tyjie within the nucleus. For example a cap¬ 
tured proton is just another proton in the nucleus. The nucleus represented in 
Fig. 62-1 (b) is suggestive of a stable nucleus while that in fc) has such a high 
energy content that a nucleon has a finite probability of escape, in other words 
it is radioactive. 

Natural radioactive atoms arc of the (c)-type, and in atom.s of a certain 
kind only the a-particle, a completely balanced type of i)articl<‘, succeeds in 
accumulating the energy needed to escape. In other eases the probability that 
a neutron may disintegrate into a proton and a /^-particle is higlier, and the 
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latter, only, escapes. The artificially produced radioactive substances are those 
derived from stable elements through the bombardment of their nuclei by 
either particles from some natural radioactive substances or from one of the 
man-made devices described in the previous chapter. But the behavior of a 
radioactive atom is the same whether it attained its unstable state naturally 

or by artificial means. 

62.2. General Principles Related to Nuclear Transmutations. The addi¬ 
tion of an electron to a nucleus involves no change in the mass number of the 
nucleus, but a proton or a neutron increases the number by 1, a deuteron by 2, 
and an a-particle by 4. The atomic number, that is the positive charge, is de¬ 
creased by 1 through the addition of an electron since it changes one of the pro¬ 
tons to a neutron. The addition of a neutron does not affect the atomic num¬ 
ber, a proton or a deuteron adds 1, and the a-particle 2 to the atomic number. 

The addition of energy in the form of a y- or x-ray photon affects only the 
energy content of the nucleus, directly, but if the addition is beyond a certain 
critical value the nucleus may be made unstable, that is radioactive. Both ex¬ 
periment and theory point to the conclusion that each nucleus is characterized 
by certain stable states, and that if any nuclear change results in an energy 
state differing from a stable state then one of three things may happen. An 
emission may take place of a y-photon of the proper energy content to reduce 
tlie energy to a stable level, a nucleon may be ejected, or the emission of both 
a nucleon and a photon may occur in the process of reaching stability. 

One would expect the mass of the nucleus resulting from the addition or from 
the loss of any particle would be larger or smaller than the mass of the origina 
nucleus by an amount equal to the mass of the particle received or emitted, 
but such is not the case. Any discrepancy is made up by a conversion of mass 
into energy or vice versa in accordance with the basic Einstein equation, 
E = me-. Only by the use of this relation can one make the energy books bal¬ 
ance account for observed radiations, or predict changes likely to be observed. 
Since the value of c, the velocity of light, has been determined with precision 
tlie accuracy of any calculations of energy must hinge with the exactness 
wiiich the masses of the combining particle or the ejected particle, and that ot 
the nucleus concerned are known. Thanks to the precision made possil)le by the 
mass spectrometer and to most careful determinations made in the chemical 
laboratory the actual masses of many of the atoms are known to pcriaps 
or six significant figures. All this means that the changes in mass accompany¬ 
ing nuclear transformations can be checked with corresponding accuracy, and 
the energies of emitted particles accounted for. While the integral atoinic rnass 
numbers are convenient in describing the transformations only the actual 


masses arc of use in calculations. ^ 

62.3. The Symbols and Equations of Nuclear Physics. Nuclear change., 
like chemical changes, can be represented most conveniently through the use 
some type of equations. Like those used in chemistry, equations in miclc, 
pl,v«ics must balance and must show the direction in which the process 
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SYMBOLS AND EQUATIONS OF NUCLEAR PHYSICS 

vances. But there is this difference, one doesn’t look for reversible changes 
in the transformations represented by the equations of nuclear physics. The 
following typical equation will serve to illustrate the system of symbols and 
the nature of the change. 

zHe' + 7N» + iH' 

This equation means, expressed in words, that a helium nucleus (a-particle) 
having an atomic number of 2 and an atomic mass number of 4 when fired with 
sufficient velocity into a nitrogen nucleus of atomic number 7 and atomic 
mass number 14 gives rise to an isotope of fluorine which has an atomic num¬ 
ber of 9 and an atomic mass number of 18. But there is no stable isotope of F 
having this mass number. This means that this nucleus will disintegrate, and 
it is found to break into and jH' as indicated by the equation. It is known 
that oxygen docs have a stable isotope of 
mass number 17, and of course hydrogen is 
stable. It was this H nucleus that was respon¬ 
sible for the long faint track in Fig. 61-1. In 
this case one starts with two stable nuclei and 
ends with two entirely different stable nuclei. 

It is the present practice to omit the inter¬ 
mediate product from the equation, in this case 
just as in mathematical manipulations 
many intermediate steps may be run through 
mentally and not written out at all. 

Actually the above equation is still not com¬ 
plete since both the incident a-particle and the 
emitted proton have considerable kinetic 
energy. Additional information can be given 
by writing the equation as, 

2 He^ + + ill' + 6 Mev 

The last term gives the information that 
the emitted proton has the same energy it would have acquired from a cyclotron 
operating at G million volts. It represents the energy adjustment needed to 
balance the equation. The high energy of the proton is confirmed by the length 
of the track in the WCC iihotograph of Fig. 61-1. The process is frequently 
graphically represented in the manner shown in Fig. 62-2(a). The source of 
the high energy will receive further attention in a later section. In the case 
described the particle was captured, hence the collision was inelastic. Had it 
been an clastic collision like one between two balls of ivory or of hard steel of 
unequal masses the two would have separated at angles and with velocities in 
line with Newton’s laws pertaining to elastic im])acts, in the manner suggested 
in Fig. 62-2(b). 

A still more abbreviated notation is now widely used which names tiie 



Fia. 62-2. Graphical representa¬ 
tion of two types of nuclear col¬ 
lisions: (a) inelastic, resulting in 
the nuclear changes indicated by 
the equation, 

Jle^ + ^ ,0” -P JF. 

(h) elastic, with separations 
analogous to those steel balls 
would make 
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incident and the final major nucleus, and the bombarding and the emitted par¬ 
ticle in symbolic form. Applied to the above case the abbreviated form reads, 
(a,p)g0^h The symbols for a few other processes will be readily understood, 
thus (p,a) indicates that the incident particle is a proton and the one ejected 
an a-particle, (p,n) means that the incident particle is a proton and the ejected 
one a neutron, (y,p) indicates that a y-photon causes the emission of a proton, 
and so on. 

62.4. Chadwick’s Discovery of the Neutron. Bothe and Backer observed 
in 1930 that when berjdlium is bombarded with the fast a-particles from polo¬ 
nium a very penetrating radiation is emitted. M and Mme Joliot-Curie found 
that this radiation could eject from paraffin protons having a range of 26 
cm in air. A method of producing a beam of neutrons and of obtaining from its 
action on paraffin a beam of protons is shown in Fig. 62-3. (See section 62.10.) 
In both cases it was assumed that the new radiation was extremely hard gamma 
radiation since no other known radiation had anything like such high penetra¬ 
tion. On the basis of the absorption in various substances estimates as to the 
energy of the new radiation varied from 7 to 15 Mev. This was several times 
the energy of the very hard y-radiations coming from ThC", and no satisfac¬ 
tory account for such energy was forthcoming. Moreover the effect of the radia¬ 
tion was about doubled if allowed to pass through some hydrogen-containing 
substance like water or paraffin before reaching the ionization chamber. This 
was not in line with what would be expected from any known type of radiation. 
The length of the ejected protons' tracks indicated an energy up to 5.7 Mev 
and this would imply a photon energy of about 55 Mev if some sort of transfer 
of energy from a photon to a proton analogous to the Compton effect were re¬ 
sponsible, but such an energy level was inconsistent with observed coefficients 
of linear absorption. If one were to account for the recoil of the nitrogen atom 
which showed an energ>^ of 1.2 Mev a photon of 90 Mev would have to be pos¬ 
tulated, a magnitude quite inconsistent with the 55 Mev concerned in the pro¬ 
ton recoil and with observed linear coefficients, yet the radiations were from the 

same source. 

Chadwick was the first to see that if one were to assume that the new radi¬ 
ation is not made up of photons at all but consists of particles having the same 
mass as the proton then the projection of a proton and of the nitrogen atom 
could be explained as simply as the projection of a steel ball when hit m a 
head-on collision by another. It is known that when the two balls arc of the 
same mass the one that strikes in an clastic collision transfers all its momentum 
to the other which therefore acquires the velocity of the original particle. This 
would account for the high velocity of the ejected jiroton. Proceeding on this 
hypothesis Chadwick calculated the range a nitrogen recoil-atom should have 
if struck by such a particle. The result was in close agreement with that ac¬ 
tually observed. There followed rapidly a number of different checking ex¬ 
periments by various observers, all finding full sufiport for Chadwick’s theory. 
To explain the remarkable penetration of the new radiation from beryllium 
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Chadwick had only to assume that tlic particle was without charge, for if this 
were the case it would neither exert nor experience a force as it passed either 
near or through an atom made up of charged particles. Such a particle would 
not have to go over the top of the potential hill, but would be able to penetrate 
the barrier, as pictured in Fig. 62-1 (a). Indeed the velocity of such a particle 
should have little effect on its chance to enter a nucleus, and a slow one might 
well be quite as effective as a fast one in producing nuclear changes. As a 
matter of fact subsequent experiments proved it to be more so. Rutherford had 
postulated years before (1920) that such a particle should exist. The new 
particle is called a neutron. It has no charge. It has a mass of 1.00898 amu 
(atomic mass units) and is therefore only slightly different from a proton 
(1.00813) in this respect. 

62.5. The Neutron and Atomic Structure. The neutron won universal and 
immediate recognition for it promised the solution of many difficulties in the 
fields of atomic and of nuclear physics. For example, it was no longer neces¬ 
sary to postulate the existence of both protons and electrons in the nucleus, 
the new concept required that the nucleus contain only protons and neutrons, 
a reasonable structure that should have the observed stability. Since it has no 
charge it should be possible for the number of neutrons in the nucleus to vary 
somewhat without affecting the stability of the nucleus. In other words, the 
abundance of isotopes received a simple explanation. Few scientific discoveries 
have had such a revolutionary effect on the basic sciences of physics and chem¬ 
istry. It is not surprising that Chadwick was awarded the Nobel prize in 
Physics, in 1935, in recognition of his contribution. 

In order to show the important part played in the structure of the atoms a 
number of atoms are listed in Table 62-1 together with numbers indicating the 
numbers of protons and of neutrons included in the nucleus. This table includes 
practically all the elements which appear in the equations given in this chapter. 
The isotopes of oxygen are included in the last column to give an example of 
the variations among the isotopes of one element. 


T.\ble 62-1. Showing the Numbers of Protons and Neutrons in the 
Nuclei of Several Element.s, Including Five Isotopes of Oxygen 
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62.6. Examples of Transmutation. Alpha particles were the first to be 

employed in the disintegration of the elements, and they continue to be one 
of the most effective types of projectiles. Rutherford and his contemporaries 
had no other suitable particle at hand. Today there is available not only far 
larger quantities of the natural radioactive substances but laboratory equip¬ 
ment such as the cyclotron capable of providing a beam of a particles far more 
intense and much more penetrating than any a particles obtainable from natu¬ 
ral sources. The a-particle itself is very stable but its entrance into a nucleus 
has a high probability of freeing either a proton or a neutron. In the first group 
of disintegrations represented by equations in Table 62-2 are shown examples 
of different types of disintegrations brought about through bombardment by 
a-particles. The second in the list is the one first experimentally observed by 
Rutherford. The a-particle has the important advantage over neutrons and 
photons in the visibility of its track in the AVilson cloud chamber, an advantage 
just as important when it is used as a missile as when it is the particle ejected 
during a disintegration. 

62.7. Disintegrations Due to Protons and Neutrons. The second group of 
equations in Table 62-2 show disintegrations due to protons. Since protons arc 
not emitted from the natural radioactive substances the work of Cockcroft and 
Walton, in 1932, who first succeeded in bringing about disintegrations by pro¬ 
tons accelerated by a generator of high potential, marked the beginning of an 
epoch in nuclear physics. They found that when Li atoms are bombarded with 
protons with energies of between 100 and 700 Kev an emission of a-particles 
accompanies the disintegration of the Li atoms. In the first and the third ex¬ 
amples in this group the addition of the proton brings the atomic number to a 
multiple of 2 and the atomic mass number to the same multiple of 4. It is there¬ 
fore not surprising that the atom completely disintegrates into a-particles, two 
in the first case, tliree in the disintegration shown in the third equation. The 
fourth case is interesting in that the proton merely trades place with a neutron, 
with the result that a Ca atom is changed into a Sc atom of the same mass 
number. 

There are a great many examples of disintegrations by deuterons, as might 
be expected from its own degree of stability. Strong beams of deuterons are 
made available by the cyclotrons. The examples given show three different 
types of ejected particles. Evidence indicates that there are certain resonance 
energies and that deuterons of comparatively low energies may be able to enter 
nuclei, even those of high atomic number, like platinum, a noble metal. 

Disintegrations by the neutron arc very numerous indeed as might be ex- 
pected since its lack of charge allows it to enter any nucleus without climbing 
over the potential hill, as mentioned before. Many of the products of disintegra¬ 
tion are stable, although most of such products are radioactive. As such they 
obey all the “rules of the game” which hold with respect to the natural radio¬ 
active substances. Practically all atoms can be changed by the bombardment of 
neutrons, and the particle ejected may be a proton, deuteron, a-particle, photon, 
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or one or more neutrons. The last fact is of tremendous importance since it 
makes possible a self-propagating reaction such as that basic to the action of 
the atomic bomb. While most artificial disintegrations involve the emission of 
a single constituent particle there are a few cases where the bombardment by 
neutrons causes the atom to split into two substantially equal fragments. This 
process known as fission is so important that it will be discussed in a separate 
section. 

62.8. Photodisintegrations. Since the question as to whether a nucleon will 
be able to escape from the potential well of an atom is largely a question of 
nuclear energy it is not surprising that the addition of a photon to the nucleus 
may supply the needed energy, and thereby cause photodisintegration. One 
example of particular interest is the disintegration of deuterium into protons 
and neutrons by the addition of a photon of sufficient energy (1.17 Mev). It 
happens also that the reverse process may be brought about, as shown by the 
second of the two equations representing these two disintegrations. 

^ + ou^ and + on* —> iH- + kv 

Examples of the various types of atomic transmutations discussed in this sec¬ 
tion are represented by the equations in Table 62-2. 


Table 62-2. Nuclear Disintegr.\tions of Various Types 


Equation of Reaction 


4 Be’ -h aHe^ 

-h 

+ aHe^ 


zlV -h iIP 
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* Radioactive 


62.9. Artificial Radioactive Substances. Many of the synthetically ]uo- 
duced elements are stable and already exist as stable isotoi)es of the elements, 
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but in a large number of cases they are very unstable and rapidly disintegrate. 
Yet many of the new substances have a half-value period sufficiently long to 
be measured with accuracy, and for practical use to be made of the product 
and its disintegration radiation. This matter has become one not only of scien¬ 
tific interest but of importance in national defense. The modes of disintegra¬ 
tion, together with the half-value periods of several typical artificial radio¬ 
active substances is given in Table 62-3. The reader should note the variety 
of the types of radiation and the range of half-value periods. 


Table 62-3. Modes of Disintegration of Various 
Artificial Radioactive Substances 


Mode of Disintegration 



2 X 2He' 
Se^ -h /3- 
-f 

i2Mg2^ -f- 
-I- 

2oCa« -h 

+ /3 


Emitted 

Particle 


Alpha 

Electron 

Positron 

Electron 

Electron 

Positron 

Positron 

Positron 

Electron 


Half-Value 

Period 


5.3 X 10-»sec 
0.88 sec 
10.1 min 

14.9 hr 

2.4 min 
2.55 min 

7.5 min 

3.9 hr 
2.69 days 


With the modern sources of high-energy particles all the dreams of the al¬ 
chemists can be realized, except for the financial gains to he made from trans¬ 
muting the base metals into the noble. It simply docs not pay; production is 
extremely inefficient, and the product is worth far less than the cost. 

62.10. Methods of Detection of Artificial Radioactive Substances. These 
are the same as for the natural radioactive substances and depend on the Wil¬ 
son cloud chamber photographs of their tracks. The nature and length of these 
give information as to the nature of the particle and its energy. The Gciger- 
Mueller (G-M) counter is the most useful instrument in routine work. Gen¬ 
erally it is used witli radio-like circuits which are increasingly being used to 
operate electronic, high-speed counters. Alpha, beta, and proton particles and 
photons act on the counter directly but neutrons do not ionize, hence must be 
detected indirectly in both the WCC and in the G-M counter. By filling the 
G-M tube with boron tri-fluoride a-particles are produced through the reaction; 

oni-f-6B^‘>-^3LP + 2He^ 

The G-M counter response due to the ejected a-particles then becomes a means 
of detecting neutrons. A very convenient means of registering neutrons is shown 
in Fig. 62-3. The neutrons from the beryllium-radon source cause the release 
of protons from the slab of paraffin. These protons act directly on the G-M 
counter, and the count may be taken as a measure of the intensity of the ncu- 
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iron radiation. Except where large-scale production is involved chemical meth¬ 
ods of separation cannot be used as the quantities involved are too minute. 
62.11. Cross Sections of Nuclei with Respect to the Capture of Neutrons. 
If an atomic nucleus has an area of a^jCm^ within which a bombarding neutron 
would be captured and if there were only one nucleus per square centimeter 
then the chance of capture is ajl. This ratio can be determined from the frac¬ 
tion of a beam of neutrons that is captured by a screen having a known number 
of molecules per unit area. The value of is of the order of 10--‘*cm- (or 
1 barn). The value of o-^ is in general much smaller for fast neutrons than 
for those which have been slowed down to thermal velocities by collisions in 
materials containing hydrogen, and known as slow neutrons. Hence fast neu¬ 
trons are more likely to indicate the “size” of the nucleus, which can be cal¬ 
culated from the relation where is the effective radius. The value 
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Fin. r>2-3. Neutrons may be detected indirectly through the action on a G-M counter 

of the protons they eject from paraffin 


of is of the order of 10“’^ cm. The cross section of an atom is largely a char¬ 
acteristic of the atom and depends on the velocity of the neutron being cap¬ 
tured. For example, cadmium has an extraordinarily large capture cross section 
for slow neutrons (a-,. = 3000 barns) within a certain range, but a small cross 
section for fast neutrons. Typical variations in are indicated for the follow¬ 
ing elements, tlieir slow-neutron capture cross sections in barns being given 
in parentheses; C(.0045), Na(0.5), U(2), Co(22), B(700), and Cd(3000). The 
high value for Cd explains the fact that this metal is used to suppress neu¬ 
tron radiation when suppression is essential, as in tlie control of the release of 
atomic energy. The scattering cross section, is much less variable and for the 
above elements ranges from 3 to 8.2 barns. Since the H atom has a mass the 
same as that of the neutron it has a higher value, 20 barns. 

62.12. Energy Relations in Nuclear Disintegrations. In the discussion of 
the mass defect in Chapter 55 the importance of the relation between mass, 
energy, and atomic stability was pointed out. This grows out of the Einstein 
equation which has been given in previous sections; but which may be ex¬ 
pressed in a more extended manner as follows: 

Energy (ergs) = mc~ = I mv^ — Ve = hv 


in which the various terms have the meanings previously given. This funda¬ 
mental relation may well be considered the key to nuclear pliysies .since in gen- 
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eral an equation representing a nuclear reaction shows an apparent inconsist¬ 
ency with respect to mass; the initial and final masses do not balance. However 
when the equivalence between mass and energy is taken into account the in¬ 
consistency disappears. Several examples to illustrate the application of the 
principle are given below. But, to deal quantitatively with such problems 
certain conversion factors must be at hand. The relation between ergs and 
Mev units may be obtained by the use of the electrostatic units as follows: 
1 ev is the energy of an electron accelerated through a potential difference of 
1 volt. This is e/300 ergs = (4.802 x 10“^V300 = 1.60 X 10“'^ ergs (since 
1 volt = 1/300 statvolts and e is 4.802 X 10“^® statcoulombs). Therefore 
1 Mev = 1.60 X 10“® ergs. The accepted value of the atomic mass unit (amu) is 
!Mq = 1.66 X 10““^ gm. Converting tliis into its equivalent in ergs {E = mc^) 
and then into Mev units it is found that 1 amu = 931 Mev. This key relation 
should be kept in mind. Since the mass of an electron is 9.1 x 10“-® gm, its 
energy equivalent is known, hence its energy in Alev units. Thus it is found 
that the ‘‘annihilation energy” of 1 electron = 0.51 Alev. This energy is liberated 
by each of an electron and a positron when they combine to form one or more, 
often two, photons. If a photon has twice this energy or more, the reverse process 
can take place and we have pair production, that is, a photon vanishes as such 
and becomes an electron and a positron. 

Consider the famous Rutherford experiment represented by the equation 
below, beneath which arc given the equivalent masses in amu. 


+ .He' + 


Kinetic Energy _ , rri , Kinetic Energy of Proton 

of a-Particle ® ^ and of Recoil Atom 


14.007 + 4.0039 + 0.0083* = 17.0045 + 1.0081 + E 
Adding: 18.0197 = 18.0126 + Z; 


(* 0.0083 is the amu equivalent of the kinetic energy of tlie bombarding 

a-particle.) 


Solving, E = 0.0071 amu. The equivalent energy in Alev is 0.0071 X 931 = 6.6 
Mev. This energy provides the kinetic energy of the ejected proton and of 
the recoiling gO^' atom, 6.2 and 0.4 Alev, respectively. These values are in ex¬ 
cellent agreement with experimental observations. 

The photodisintegration of deuterium, as shown in the last section of Table 
62-2 is of particular interest. 


2.01471 + Ex = 1-00813 + 1.00894 = 2.01707 
Therefore = 0.00236 amu = 931 X 0.00236 = 2.2 Alev 

Any photon having less encrg>' would not produce the disintegration of deu¬ 
terium while any having more would not only cause disintegration but also 
divide equally between the proton and the neutron any left-over energy. Their 
velocities would depend on the amount of this energy. If the very high-energy 
photons from a betatron are used on a patient, then there will be produced 
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within the tissues isotopes of carbon, nitrogen, oxygen, and the like, as a result 
of (y,n) reactions. Since some of these will be radioactive it is not surprising 
that after a treatment by a betatron the body itself can be shown to be radio¬ 
active by means of a G-M counter. 

It must be evident that any term in the equation might be the unknown 
hence a known nuclear reaction might form the basis of obtaining the mass of 
one of the particles. For example, in the reaction; 

+ ^He^ -h El = -h on^ + 

In this the masses of the boron, nitrogen, and the a-particle, and the energies 
of the a-particle, E^, and of the neutron, are known. The mass of the neutron 
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Number of neutrons 


Fig. 02-4. Ahbrovi.ited chart of nuclides. Stable isotopes are shown by ■, radio¬ 
active isotoj)Cs by |xl. Isobars fall on lines having a negative slope of 45® as shown 

(Courtesy of General Electric Co.) 


can thus be determined in a sort of back-handed manner. The amazing amount 
of energy released by the atomic bomb, and in the atomic pile, to be discussed 
later, can he accounted for by calculations based on the equations of the reac¬ 
tions involved. 

The number of elements has been extended to 96 and missing elements liave 
been produced, synthetically, by the various types of nuclear changes illustrated 
in this chapter. The Research Laboratory of the General Electric has recently 
made generally available a chart showing nearly a thousand “nuclides” ami 
giving a great deal of information concerning them. Alost laboratories will have 
one mounted and made available for study. The student is strongly advised to 
study the chart if one is available, as it gives a better “bird’s-eye” view of the 
field than can be obtained otherwise. A simj)lified chart of a similar type is 
shown in Fig. 62^. The chart offers a good picture also of i.'^obars since any 
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45 ® line crossing the line of elements, as shown, will pass through only isobars. 
(Why?) It should be noted that the number of isotopes of any element increases 
with the atomic number of the element. This is understandable since the addi¬ 
tion of an extra neutron would involve a relatively smaller change for a heavy 
nucleus than for a light one. 


Problems 

1. The disintegrations suggested by the following incomplete equations are known 
to occur. Complete the equations by substituting in each case for x a term which will 
balance the equation with respect to both the charge and the atomic mass. 

-f- X -+ hu, 7N» -> X 4- 

+ iH^-> -f X, and + nNa^-> + x. 

{Arts. oC^^ sC*^ y) 

2. Suppose that a slow neutron having a mass of 1.00898 amu should enter the nu¬ 
cleus of a lithium atom, sLi®, which has a mass of 6.01695 amu. The mass of the result¬ 
ing nucleus, .iLi" is 7.01820 amu. Find the energy (in Mev) of the photon emitted as a 
result of this nuclear action. 

3. When Ti" atoms are bombarded by particles the product is two a-particles. 
Write the equation. If the sum of the amu on the left side is 8.02631 and the two »He^ 
particles have atomic masses of 4.00389 each, find the residue of energy, in amu, which 
gives each particle kinetic energy. Express the energy of each in Mev. (Ans. 0.01853 
amu, 8.6 Mev, each) 

4. When deuterium particles bombard nitrogen atoms (tN“) long-range a-particles 
arc given off with an energy of 13.4 Mev. Convert this energy into mass units, also 

into ergs. 

5. Suppose that the annihilation of an electron means the liberation of 0.51 Mev of 
onerg\‘. What is the minimum energy that a photon could have and yet be able to 
])roduce the reverse reaction and to form a pair of electrons that is, an electron and 
a positron, assuming all its energy is used? Use the fundamental transfer constants 
given in Section 62.12. (Ans. 1.02 Mev or 1.63 X 10"® ergs) 

6. The nuclear reactions indicated by the following symbolic expressions are among 
the more important ones. Express each of these in the more extended equation form, 
(a) ,..AF^^p,n)»S^^ (b) «P^Ma,p),«S^ (c) .^^^(d,p)ieS“ (d) „CPMd,a).^^^ 


Suggested Readings 

Chart of \uclides, Research Laboratory (General Electric Co.) 

Cda.'^ser, 0. (Editor), Medical Physics, I and II, 2nd ed. (Tfear Book Publishers, Inc., 

1950) 

Hull, G. F., Elementary Modern Physics (The Macmillan Co., Inc., 1951) 

.lohns, II. E., The Physics of Radiation Therapy (Charles C. Thomas, Publisher, 1952) 
Mattauch, J., Nuclear Physics Tables (Interscience Publishers, Inc., 1949) 
Mendenhall, C. E., Eve, A. S., Keys, D. A., and Sutton, R. M., College Physics, 
(D. C. Heath & Company, 1950) 

White, H. E., Modern College Physics (D. Van Nostrand Co., Inc., 1948) 




Nuclear Physics—Practical Applications 


63.1. Introduction. In Chapter 55 the significance of the relation between the 
packing fraction of an atom and its stability was pointed out. Even the more 
accurate determinations of atomic masses of recent times have not removed 
the divergence between the atomic masses and the mass numbers of the elements 
—that is, the integral numbers nearest to the actual atomic masses. This diver¬ 
gence for any element divided by the mass number gives the divergence per 
nuclide or unit of atomic mass, that is, tlie packing fraction for the element 
concerned. A packing fraction curve, due largely to Dempster, is given in 



Atomic masses 


Fin. 6.3-1. Variation in p.ackine; 
fraction with atomic masj« (j>howii 
on an enlarged scale) 




© 


Fig. 63-2. Schematic representa¬ 
tion of the process of fission. The 
cascading effect results from the 
multiple release of neutrons by a 
single neutron when it causes a 
heavy atom to si)lit 


Fig. 63-1. It is seen from this that the elements in the middle i)ortion of the 
series of elements fall well below the zero line, hence are stable, while tlie very 
heavy atoms arc well above this line and therefore have extra mass that can be 
converted into energy as the atoms disintegrate and form atoms of lower atomic 
mass. So long as the disintegration is by the loss of single particles, no striking 
effect is manifest, but it must be evident that if any heavy atom should si)lit into 
substantially equal parts, then both parts would fall well below the zero line 
and there would he an enormous release of energy tlirough the conveiMon of a 
very considerable mass. This is exactly what takes place in the case of certain 
very heavy atoms, notably and the process is known as fission. 

63.2. The Phenomenon of Fission and Its Practical Importance. .\ numlH r 
of leading physicists including Fermi, and Segre ( 1937 ), Curie-.loliot, ilalm and 
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Strassmann (1939), observed that when uranium was bombarded with neutrons 
the new substances produced were highly radioactive. The last-named group 
made the very important additional discovery, through very careful chemical 
analyses, that the new activity was not due to new and heavier atoms built up 
through the addition of neutrons—that is, to elements having higher atomic 
numbers than that of uranium as the others had supposed, but rather to ele¬ 
ments falling in the middle section of the atomic series. This meant that fission 
had occurred. It was found by them and by many others that the disintegration 
products were not always the same, although they did fall in the same region of 
the atomic series and therefore about the same amount of energy was released. 
The process of fission is diagrammatically represented in Fig. 63-2, and a typi¬ 
cal case of fission is represented by the following equation. 

gzU''® + on^ + Son' + 180 Mev 

It is seen that the atom has 143 neutrons but only 92 protons, and there¬ 
fore is far from balanced. This is typical of the very heavy unstable atoms, 
also true of many stable atoms. But in the lower and middle range, the numbers 
of protons and of neutrons required to form a stable nucleus are nearly equal. 
The two fragments produced by the fission thus find themselves with far too 
many neutrons for stability. Some of these neutrons will become protons through 
the expulsion of an electron. This process continues until the loss in neutrons 
and the consequent gain in protons leads to a stable atom, and incidentally 
accounts in part for the intense radioactivity accompanying fission on a large 
scale. As an example consider the case of siSb^^^, a possible fragment. Notice 
that there is a large number of neutrons compared to the number of protons. 
The atom is unstable. By giving up ^—-particles the neutrons become protons, 
and thereby correct the unbalance. This atom would run through the following 
scries before ending in a stable atom, that of cesium. 

/ / / / 

5iSb’« - r ^ 62Te"^ -P- — 5.Xe”3 ~p--^ 

Number of 

neutrons (82) (81) (80) (79) (78) 

The last atom is stable. 

There are two aspects to be noted, one is that tlie energy liberated is about 
20 times that typical of the reactions represented by the equations of Tabic 
62-2, and the other is that one starts with one neutron and gets back from two 
to five neutrons in its place, depending on the fragments. In the equation given 
above the fission of yielded three neutrons. The number of reaction grows 
geometrically, for example, taking 1:4 as the ratio, 1^1-16-64-256-1024-4096, 
and so on. This means that one may have a self-propagating or chain reaction, 
hence large energies can be released with explosive violence. 

Only about 0.7 per cent of ordinaiy uranium is of mass number 235, most of 
the rest is 238. While only the slow or thermal neutrons cause fission in 
the fast neutrons are effective in initiating a series of changes in which 


THE ATOMIC ENERGY ‘‘PILE'’ 


737 

culminate in an atom of higher atomic number which, like the is fission¬ 

able. The nuclear reactions arc indicated by the following equation. 

92U238 -I- on* + /l*/ ^ and -> 94Pu^® -Y^^hv 

Since plutonium is fissionable this process enables one to get this additional 
fissionable substance from a nonfissionable material, in this case In a 

similar way one can derive a fissionable material from ^oTh-^-. Thus it is seen 
that at least three fissionable materials are already known, and these have 
demonstrated the possibility of obtaining for practical uses the large amounts 
of nuclear energy which can be released through the conversion of mass into 
energy. 

63.3. The Atomic Energy “Pile.’* The first successful nuclear reactor went 
into action in the United States in 1942. The operation of the reactor demands 
that certain conditions be met. There must be present a sufficient quantity of 
fissionable material free from any impurities which would uselessly absorb the 
neutrons. The loss of neutrons from the surface of a small body of fissionable 
material would be relatively more serious and make impossible a progressive 
chain reaction. The neutrons released during fission are fast and must be slowed 
down to thermal velocities before they can cause the fission of otlier atoms. 
Tliis requires the presence of light atoms such as those of liydrogcn or of carbon. 
Such material is referred to as the moderator. Both carbon in the form of pure 
graphite bars and hea^y water have been successfully used as moderators, the 
latter being particularly well suited since deuterium is both light and possesses 
a very small capture cross section for neutrons. Tlie first nuclear reactors in¬ 
cluded a “pile” of uranium rods and graphite bars, hence the name. It is neces¬ 
sary that a coolant be provided. It may be either a stream of water or a blast 
of air, to remove the heat generated during the operation of the generator. 
Both the moderator and the coolant must be free of even traces of substances 
which have large capture cross sections for neutrons. One must be able to start, 
regulate, and to stop at will the release of energy. Cadmium rods or sheets 
offer a convenient means of control since by their higli capture cross section 
for thermal neutrons one can stop or start the fission process as desired merely 
by their insertion or removal. Intermediate positions fix the level of energy 
production. Adeciuate protection must be provided. The action of neutron radia¬ 
tion on the body is similar to tliat of x-radiation but more severe. But absorbers 
of neutrons do not provide any protection against the strong y-radiation which 
accompanies the nuclear transformations indicated by the equations above. 
The active region of the pile is enclosed by a graphite barrier or reflector to 
turn back neutrons as much as possible, and this is surrounded by huge con¬ 
crete blocks designed to reduce the intensity of y-radiation outside to a toler¬ 
able level. A purely schematic diagram showing the arrangement of essenli;d 
parts in a nuclear heavy water reactor or pile is given in Fig. 03-3. 

The release of energy which would accompany tlic disintegration by fis.sion of 
1 gm of plutonium would produce about three billion times as much energy as 
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could be obtained from the combustion of a like mass of coal. If this through 
controls could be released slowly one would be able to drive huge ships literally 
for years with an almost negligible mass of such fuel, or such a pile might be 
used in power production with great advantage in regions remote from water¬ 
power and from coal. It would be an ideal source of power for submarines ex¬ 
cept for the fact that no way is yet known to make small units operate. Un¬ 
fortunately the ratio of neutrons lost to those utilized increases as the pile 
decreases in size, hence there is a critical size below which piles will not func¬ 
tion. This rules out the possibility, at least for the present, of the use of atomic 
power in small units, say in automobiles, airplanes, or for domestic heating. If 



Fig. G3-3. Schematic diagram of a heavy-water pile (Diagram supplied b> 

Dr. D. A. Keys) 

the controls were completely removed at a particular instant, as provided in the 
atomic bomb, there would follow a release of a tremendous amount of ener^' 
with explosive violence, accompanied by intense heat and destruction on a scale 

liardly conceived prior to the dropping of the first atomic bomb. 

The number of peacetime uses for the pile continually increases, due largely 
to the fact that it provides an incomparably richer supply of neutrons than 
could otherwise be obtained. Since practically every known substance can be 
rendered radioactive by exposure to neutron radiation the pile offers our best 
method of producing artificial radioactive substances. Many of these radio¬ 
active materials are used industrially or in experimental biology or in medical 
research and in certain types of cancer therapy. 

63.4. The Use of Isotopes as Tracers. General Considerations. About three 
times as many stable atomic nuclei or nuclides as they are often called ha^e 
been identified as there are elements, in addition to the large number of radio- 
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active nuclides. In other words, on the average there are about three stable 
isotopes per element, some elements having many more, others less. Isotopes 
cannot be separated by chemical means, neither can they, in general, be 
separated through any discrimination by either body or plant tissues. Hence 
any mixture of the isotopes of an element introduced into the body will be 
distributed among the organs and tissues of the body in exactly the same ratio 
that the isotopes had in the original mixture regardless of the quantities taken 
up, and this holds both for stable and for unstable isotopes. In the case of the 
stable isotopes the quantitative analyses can be made by means of the mass 
spectrometer in the manner outlined in Chapter 54. Quite accurate determina¬ 
tions can be made even though dilution by a factor of 10,000 is involved. Sup¬ 
pose, for example, that an investigation regarding the uptake of carbon is in¬ 
volved. One might consider using either the stable or the radioactive 
isotopes, (;C“ or qC*"*. If the study involves a considerable time, as in following 
problems of nutrition, the use of the stable isotope, assuming a mass spectrom¬ 
eter is available, is indicated. However, which has a half-value period of 
5000 years is for all practical purposes stable, and determinations could be made 
by either the mass spectrometer or the G-M counter. But ,jC”, with a half-value 
period of 20.5 min, would hardly be of any use except in the case of very tran¬ 
sient phenomena. The use of the G-M counter makes it possible in many cases 
to draw reliable conclusions without resorting to the destruction of the tissues. 
Moreover, greater dilution is possible with the radioactive isotopes, a dilution 
factor of from 10® to 10^ is possible. It must be apparent that the use of isotopes 
as tracers has made possible investigations in the biologic and medical fields far 
beyond the limits of even microchcmical methods of analyses. Many investiga¬ 
tions are now under way which would not have been even attempted prior to the 
time radioactive isotopes became available. American, Canadian, and also 
British authorities are doing much to further research work in nuclear 
physics, in medicine, and in tlie biological sciences by making available to 
responsible persons in recognized research laboratories liberal quantities of 
both stable and radioactive isotopes. Both cyclotrons and nuclear reaction piles 
are in constant use in the production of such material. In Table 63-1 is 
listed a number of radioactive isotopes which have been found to be useful in 
the fields of research mentioned in this section. 

63.5. Physical Aspects of Importance in the Use of Radioactive Isotopes. 
It is hard even to visualize the minuteness of the quantity of radioactive sub¬ 
stance which can be detected by virtue of their activity. The G-M tube counter 
can detect quantities too small to be seen with a microscope even thougli it 
were possible to isolate them by chemical means. But the delicacy of the tests 
involve difficulties as well. For example, the human body as a whole has only 
4.5 gm of iron, and tlie amount that can be utilized at any time out of wliat- 
ever may be introduced is extremely small in comparison, and that ac(juired 
by any organ or body of blood still much smaller, literally a trace. This means 
that the detector must be practically free from any radioactive contaminant 
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and that there must be some efficient way of removing any traces of radioactive 
substances left on table tops, forceps, laboratory glassware, and the like. The 
clothing of the observer, even his hands, must be constantly guarded against 
contaminating substances. No G-M tube can discriminate between the j0-par- 
ticles from the substance under test and those from some ^-emitting con¬ 
taminating substance. Counts due to the latter and to cosmic rays are called 
background counts, and if they are comparable in magnitude to the counts due 
to the substance under study then high accuracy is impossible. 

Adsorption plays a more important part than might be anticipated. The 
quantity of any tracer substance may be so minute that the entire quantity 


Table 63-1. Some Useful Radioactive Elements Artifically Produced 


Radioacti\’e Element 

Half-Value Period 

Radiation Emitted 

Energy (Mev) 

Carbon eC**. 

20.5 min 

Positrons 

0.95 

Carbon ^C'^. 

5100 yr 

Electrons 

0.156 

Sodium iiNa-^. 

14.9 hr 

Electrons 

1.39 



Gamma-rays 

1.38, 2.76 

Phosphorus i 5 P^-. 

14.3 day.s 

Electrons 

1.712 

Sulfur . 

87,1 day.s 

Electrons 

0.169 

Chlorine itCP'*. 

38.5 min 

Electrons 

1.19, 2.70, 5.2 



Gamma-rays 

1.60, 2.12 

Potassium . 

12.4 hr 

Electrons 

2.04, 3.58 



Gamma-rays 

1.4, 2.1 

Calcium 2 oCa-'®.. 

180 davs 

Electrons 

0.26 

Iron ssFe^®. 

46.3 days 

Electrons 

0.26, 0.46 



Gamma-rays 

1.10, 1.30 

Cobalt 27 C 0 ®®. 

5.3 yr 

Electrons 

0.31 



Gamma-rays 

1.16, 1.32 

Nickel . 

160 min 

Electrons 

1.9 



Gamma-rays 

1.1,0.28, 0.65,0.93 

Copper 29 Cu^. 

12.8 hr 

Electrons 

0.571 (65%), 0.67 



Positrons 

0.657 (35%) 



Gamma-rays 

1.35 

Bromine . 

34 hr 

Electrons 

0.465 



Gamma-rays 

0.547, 0.787, 1.35 

Strontium asSr®®. 

53 days 

Electrons 

1.50 

Strontium asSr®®. 

25 yr 

Electrons 

0.61 

Iodine 53 !*^*. 

8.0 days 

Electrons 

0.595 



Gamma-rays 

0.367, 0.65 

Barium seBa*^”. 

308 hr 

Electrons 

1.05 



C»amma-rays 

0.529 


present might be easily adsorbed on the surfaces of the container, and in chemi¬ 
cal separations adsorption on precipitates might enable the latter to carry 
<lown the tracer even wlien it is an isotope of a substance which would not 
normally precipitate under the conditions of the experiment. This explains the 
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essential practice of greatly diluting any radioactive substance by the non- 
radioactivc isotopes of the same substance before using it experimentally. 
Selective adsorption also is a determining factor in the final distribution of the 
radioactive isotope among the parts of the body, since concentration by adsorp¬ 
tion in general must precede its entrance into any cell. Thus one explains 
the concentration of iodine in the thyroid, of strontium in the bone, phosphorus 
in certain organs and in one type of tumor, and so on. 

The energy of the radiations plays an important part even when the 
radiations are of the same type. For example, in Table 63-1 i.r.P'*- and are 
adjacent in the list, but the electrons emitted by the former have 10 times the 
energy possessed by those from the latter. The techniques of making the counts 
as well as the thicknesses of body tissues through which electrons may penetrate 
would differ for these two cases accordingly. Similarly the half-value period, 
or half-life as it is often called, for these same two radioactive isotopes differ 
considerably, that of the sulfur being approximately 6 times that of the phos¬ 
phorus. This is an important quality in all tracer work since a substance which 
might otherwise be selected for a particular study would be ruled out if its half¬ 
value period is too short to make possible its distribution in the body before 
its activity fades to levels too low for observations to be made. It would be of 
great interest and value to follow the course of all elements appropriated by the 
body, but unsuitability of half-value periods or of radiations rules out many of 
such substances. It must be kept in mind that tlie radioactive isotopes are for 
the most part prepared in nuclear piles or by cyclotrons and that these are in 
operation in but few places. Hence the matters of preparation and transporta¬ 
tion provide additional limitations. 

Self-absorption jdays an important part particularly in the case of radiations 
of low energy. In any case the intensity will fall off with the thickness of 
material and the absorption within the sample itself may be quite api)reciable 
and (lifficult to estimate. Nor is it easy to prepare samples from biological tissues 
without the loss of radioactive material in the process or to obtain samples of 
uniform quality and absorption. The absorption may be minimized in the case 
of dry powder samples by spreading them tliinly on a sheet and bringing the 
counter window near to tlie layer. Liquids may l)e absorbed by blotting paper 
and similarly tested, or dipping-counter tubes may be lowered into tubes con¬ 
taining the radioactive liquid, providing the radiations arc sufficiently penetrat¬ 
ing. Gases may be introduced directly into counter tubes. jMorc sensitive 
methods must be emi)loyed if the isotope employed liberates only soft radiation, 
as in the cases of generally necessary to remove 

all extraneous material and this may be difficult. In the case of iron one may 
free it by elcctro[)lating it on a suitable i)late—another interesting applif-ation 
of electrolvsis. 

In Chapter 59 it was found that a simple exponential decay curve is ol>- 


tained in the case of a pure source (see Fig. 59-6). In dealing 


with artificial 


radioactive sub.stances one may have two or even more ra«lioactiv(‘ isotoj)es 


j 
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of the same element present, hence the decay-curve may be far from simple 
and misinterpretations may result. To avoid this possibility it is the standard 
practice to set aside a portion, called the pilot sample, of any radioactive sub¬ 
stance employed, and to make measurements on it to determine its rate of decay 
for the purposes of comparison. 

As a general practice it is best to carry out procedures in closed systems, 
particularly in dealing with volatile or dusty radioactive materials. Suppose 
one was employing a carbonate solution in which is present. If the solution 
were exposed to the air then COg is continually absorbed from, and lost to, the 
atmosphere. But the CO., which leaves would gradually remove the content 
of the solution, since the chemical processes involved are all inappreciably 
affected by any physical difference between and gC^^, the stable isotope. 
63.6. Measurement of Radioactive Isotopes. The method of measurement 
to be chosen in any case must depend on the element, on the type of activity, 
and on the considerations mentioned in the preceding section. There are well 
over 500 radioactive isotopes of the known chemical elements, and five different 
types of activity. The latter include the emission of (1) a-rays, (2) ^-rays, 
(3) positrons, and (4) the absorption by the atomic nucleus of one of its own 
electrons, and (5) the emission of energy by a nucleus as it falls from one energy 
state to a lower one but without any change in its charge. The radioactive 
isotopes of use in medical experiments are practically limited to ^-ray emitters. 
Some of these emit also gamma radiations, hence the methods of detection and 
measurement have to do mainly with the measurement of the intensities of 
^-radiation and of y-radiation. 

The measurement of the ,fl-ray intensity in any case must depend on the 
dominant energy in the radiation and this varies with the substance. For ex¬ 
ample, the radioactive isotope of phosphorus yields /?-particles having 
energies ranging up to 1.71 i\Icv, but the maximum number have energies be¬ 
tween 0.5 and 1.0 Mev. Any instrument used to measure the intensity of the 
radiation from this substance should admit without undue absorption ^-par¬ 
ticles having energies as low as 0.25 Mev. But practical problems may involve 
substances giving out /3-rays anywhere within the range of from 0.01 to about 
5 Mev, and the type of instrument may be determined by the energy range of 
the particular substance being used. The preferred isotopes listed in Table 63-1 
emit /3-rays well up in this range. 

Practically all electrical methods for detecting and measuring )0-rays depend 
on essentiallv an ionization chamber. This may take the form of a chamber con¬ 
nected to an electrical instrument, an electrometer which is essentially an ioniza¬ 
tion chamber containing an indicator such as a gold leaf or a metallized quartz 
fiber, or a 0-M counter tube whose central electrode conveys any charge col¬ 
lected to an electronic tube circuit. The most sensitive of the electroscopes can 
hardlv detect less than 10 electrons per second even if they have an energy of 
1 Mev. By using a high pressure in the ionization chamber and a sensitive 
vacuum tube electrometer it is possible to increase the sensitivity to about 
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1 or 2 electrons per see. The G-M counter not only can register single jS-parti- 
cles but can also rapidly count tlicm, tliereby making it possible to carry out 
quantitative work based directly on counts. 

The detection of y-ray photons is in general indirect since it involves the pro¬ 
duction of energetic secondary electrons wliosc energy is dissipated in the 
ionization of the gas witliin tlie instrument as described in the preceding para¬ 
graph. The production of secondary electrons by the photons depends ma¬ 
terially on their energy, because they may result from direct photoelectric ac¬ 
tion, from the Compton cft'ect, or from pair-production. A recently developed 
method employing scintillations of crystals in a new manner shows great 
promise for both charged particles and photons. Any scintillation produced is 
counted directly by a idiototubc through its control of a suitable amplifier- 
counter circuit. In another scheme the action dcj)ends on the transfer of energy 
from the incoming particle to an electron in a normally nonconducting crystal, 
such as silver chloride or a diamond. The resulting electronic displacement 
gives rise to a count by an amplifier-counter circuit, as above. Even the non¬ 
ionizing neutron can be counted by a G-M counter tube containing boron 
trifluoride. The resulting nuclear disintegration yields an a-particle which 
serves to trip the counter. 

63.7. Some Examples of the Use of Artificial Radioactive Isotopes as 
Tracers. Among the most widely used radioactive isotopes are those of so¬ 
dium, carbon, phosphorus and iodine, uNa-"*, nnd respectively. 

This is because of the fact tliat these elements are of such great importance bio¬ 
logically. For example, is useful in a large number of problems having to 
do with photosynthesis, and with metabolism. 

Radioactive sodium may be injected and followed with a G-M counter as it 
s])roa(ls throughout the body. Information may thereby be obtained as to the 
functioning of tlie circulatory system. It is becoming the practice to make use of 
it prior to an amputation in order to determine the limits of adequate circulation 
and thereby to find the optimum point for amputation. Radioactive iodine may 
be used to diagnose hyperthyroidism. Diiodofluorescein aids in the localization 
of brain tumors, because the exact point foi- the operation can be determined 
by means of a G-M counter. The synthesis of hemoglobin from radio-iron, and 
of nucleoproteins from radioactive phosphates have been followed. A complex 
molecule of organic chemistry may be built up to include a radioactive atom 
such as Thus it becomes “tagged” and may be followed as it is stored, per¬ 
haps in the liver, or utilized directly by soim* organ of the body. Thu.s many of 
the dilVerent processes concerned with metabolism have been clarified for the 
first time. .\s an examj)le. thiamine (vitamin R,), tagged by radiosulfur. ha.s 
been given to an animal and its distribution thereafter followed by measuring 
the radioactivity of the ti.ssues, body fluids, and excreta. A large numlxu' of dif¬ 
ferent complex compounds liave been followed in this manner as tliey have l>een 
converted into other compounds, not only in living bodies, but also in the 
chemical laboratories. A great advantage in the use of radioactive tracers lies 



744 


NUCLEAR PHYSICS-PRACTICAL APPLICATIONS 


in the fact that in many cases the animal does not have to be destroyed to ob¬ 
tain the needed information. The ebb and flow of a substance may be followed 
in many investigations in the same animal body. 

Tracers have been particularly useful in following the growth of plants and 
their utilization of various plant foods. For example, radioactive phosphorus 
has been incorporated in phosphate fertilizers, and the phosphate followed dur¬ 
ing the growtli of wheat j)lants and its deposition in the maturing grain. Phos¬ 


phates given to hens have been detected in their eggs, and in the chicks hatched 


from the eggs, even their distribution among the organs of the chicken has been 


determined. 


63.8. Autoradiography. Studies l)y the methods of autoradiography have 
been not only fruitful but perhaps the most spectacular and convincing of all. 



Fk:, G-V4. .Vutorndiograph of thyroid glnnds 1 nnd 24 hours after injection with radio- 
Mctivc iodide. Xote in (a) that the ioilinc hns entered some of the follicles within an 
hour after injection nnd that l>y the end of 24 hours, as .<een in (h), all the follicles 
contain the insoluhle protein thyroslohulin. Xote also the nhsence of radioactive iodine 
in adjoininff ti^.-ue (Courtesv of (’. P. Lehlond and .1. Gross, McCdll University) 


The method involves the application of a specimen or, better still, a thin section 
of a s{)ecimen. directly to a sensitive i)hotograpliic film. The distribution of the 
radioactive substance in the sj)ccimen can then be determined by ex()osing the 
film for a jicriod which may he anything lietween a few seconds to several weeks 
depending on the kind ami cpiantity of the radioactive isotope present in the 
specimen. Examples of autoradiographs are shown in Figs. 63-4 and 63-5. The 
methods have been applied to a great variety of objects including human organs, 
insects, plants, and the like, including some of microscopic dimensions, as well 
as to ores in which included metals have been marie radioactive by exposure 
to a neutron beam. Automicrographs have been successfully enlarged up to 
nearly 100 diameters by the use of especially fine-grained plates. 
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Beta-emitters are the more commonly used, although both beta- and alpha- 
emitters give excellent results. Gamma-radiators produce rather fuzzy radio¬ 
graphs due to their higher penetration. 

63.9. Therapeutic Uses of Radioactive Isotopes. Since the radiations from 
radioactn-e isotopes are exactly of the same type as are given out by x-ray 
installations or by radium, they should prove equally useful if practical prob- 
Icnis having to do with their administration can be solved. Any radioisotope 
which remains in the blood must give to the body a more thorough general 
radiation than would be easy to give by cither x-rays or radium. Radioactive 
isotopes which arc selectively taken up by certain organs should be particularly 



Fic. 63-5. Aiifor;i(li()<:r;iph of n loniritudinal section of a bone, in the rejrion of an 
artificial Iracturc. Xol(‘ the utilization of the radioactive pho>jihate in the formation 
of new hone in the reirion of the fracture, marked by tlie saw-cut on the lower edge 
((. ourtes\' ol (!. Wilkinson and C’. P. Leiilond, Meflill Universitv) 

useful in the treatment of malignant tumors in those organs. For example, ratlio- 
iodine which is readily taken u]) by the thyroid is known to be etfective in the 
treatment of malignancies of tliat organ. Fven if metastasis has occurred in a 
thyroid cancer and cancerous thyroiiis are growing fi-om new centers located in 
bones, lungs, skull, jHdvic cavity, for examples, the radioactive iodine will be 
taken u]) at each of the new centers. The locations of these can l)e discovered 
then by (leigi'r counters external to the body. (Set' evidence in b'ig. ()3-4.) Ac- 
coriling to reports on actual cases it would appeal- that tht* new cancels can then 
be destroyed by following up the exploratory testing with doses of the radio¬ 
active iodine appropriati' to the magnitudes of tlu' malignant growth- revt-aled 
by the initial >urvey. It would be impo.-sitiie to deal suceessfidlv with a 
ease with general x-radiation, the oidy other recourse, rnfortiinatelv iiiom 
are not .-o perfectly suited to this method of treatment as the in.-di-iiani cells 
generally do not take up concentrations of the radioactive i,-otop(‘ ade(iuate to 
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bring about their own destruction. Much further research work must be done 
before any general conclusions can be drawn. 

Leukemia patients show the highest concentrations of the same tissues 

which show the highest infiltration of leukemic cells, i.e., liver, spleen, kidney, 





P'k;. 6 .V6. Colnilt 60 bomb as constructed and installed at the University Hospital at 
Saskatoon for the Saskatchewan Cancer Commission. (Courtesv Dr. H. E. Johns) 


and bone marrow. This isotope tends to concentrate in carcinomas generally but 
not in sufficient concentrations to destroy them in every case. It is considered 
useful in many cases of abnormal blood conditions, particularly acute leukemia 
and in polycythemia vera. The use of radiojihosphorus for skin carcinoma and 
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other abnormal growths appears to be especially successful. Radiosodium ap¬ 
peals to be excellent for general radiation of tlic body and for tlie same types 
of conditions for which radiophosphorus is useful. Such uses offer the ad- 

\antage of involving little or no radiation sickness, less hospitalization, and 
requiring practically no equipment. 

Radioactive cobalt, 07 ^ 0 ^*^ promises to play an important part in cancer 
theiapy since its radiations are especially suitable and it can be obtained in 
quantities far greater tlian is practicable in the case of radium. Its disintegra¬ 
tion takes place as follows: 


2^Co6o ->28^^i«« + /3-(0.31) +v(1.16) +r(1.30) 

This gamma radiation is all in a most useful range. It is anticipated that cobalt 
bombs may in due time largely replace strong sources of radium, and possibly 
the generators of extremely higii-energy x-radiation. The first cobalt 60 bombs 
of sufficient strength (1200 curies) to offer practical replacements for ultra-liigii 
voltage x-ray installations were put into operation in 1951 at tlie Hospital of the 
I niversity of Saskatchewan and in the Victoria Hosjiital in London, Ontario. 
The use of such bombs is sprca<ling. Tlie unit gives a greater depth dose than an 
x-ray machine operating at a peak voltage of 3 million; in use it is more flexible 
and requires less service than the x-ray machine. It gives an output of 33 r/min 
at a distance of 80 cm. 

63.10. Hazards in the Use of Radioactive Substances. All the precautions 
suggested in connection with the use of the naturally radioactive substances 
apply equally well to the artificially produced ra<lioactivc isotopes. Radium 
is permanently fixed in tlie bones and even 1 /i.g may iirove fatal within say 
15 years, and 1 mg may be considered an acutely fatal (juantity. Those miners 
who work in mines in which radon is present even as mere traces, or radio¬ 
active dusts are likely to be inhaled, are prone to develoj) lung tumors. Radio¬ 
active strontium and calcium may cause bone sarcoma, just as does radium. The 
more recently produced fission products, in fact the ratlioactivc isotopes gen¬ 
erally. arc potentially dangerous. Over-exposure of the skin to radiations may 
lead to skin carcinoma. Anemia and sterility are other possible results of over¬ 
exposure. The unfortunate aspect is that a dangerous dose may produce no 
pain immediately, and the damage may not warn the victim before sufficient 
additional exposures have been taken to account for another fatality. 


Pi{OBLr:MS AN'D Exercises 

1. .\ssnmo in a succcs.<ion of fis.^ion i)roce.«sps initi.afed by a single neutron that 

thre(> neutron.'^ are made av.ail.ihle in the fir.-t ^tage and that each succeeding ti^ioii 
net.-^ a time-fold gain, likewise. How many neutrons will he at hand in the tenth stage ’ 
(.1//.V. neutrons) 

2. It is estimated tiiat a single atom of uranium 2.'>5 yields apiiroximatelv 200 Mev 
of energy tqion ft.-sion. How many atomic mass units must he lo>t in the proces' if 

energy would depend soinewliil ii])on 
the fragments resulting from tlie fission, and these v.ary eonsiderihlv. 
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3. Show that the number of atoms of in 1 gm of this isotope is 2.56 X 10^^ 
Using this number and data given in Problem 2, calculate the energy-release that 
would result from the fission of 1 gm of in terms of (a) Mev, (b) ergs, and (c) cal¬ 
ories. 

(Assume 1 Mev = 1.6 X 10“® ergs) (Ans. 5.12x10^^ Mev; 8.2x10^^ ergs, 19.56 
billion calories) 

4. Assuming the answer to Problem 3 (c) to be 19.56 billion calories, and that the 
combustion of coal yields 8,000 cal/gm, how many tons of coal would be required to 
yield the same energy as 1 gm of Ur^^’’^? 

5. A 1200-curie unit of “cobalt 60” was installed in the Saskatchewan Cancer Clinic 
at the University Hospital at Saskatoon, in August, 1951. What percent of its initial 
activity will this unit have 15.9 years later? (See Table 63) (Ans. 12.5 per cent) 

6. Suppose that a certain cancerous thyroid appropriated 100 units of the radioac¬ 
tive iodine (U^^) received in a cancer clinic by the patient. How much of this would 
remain in the thyroid after 40 days, neglecting all losses by elimination from the 
thyroid? 
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Cosmic Rays 

Cosmic rays may seem far removed from the practical realms and interests 
ot man, but actually the studies of such radiations have yielded results of great 
importance in many fields, particularly in nuclear physics. As will be shown in 
later sections, cosmic radiations are extremely penetrating and have such high 
energies that nuclear changes are readily effected which could not be brought 
about by the radiations now produced by any man-made accelerator. Indeed 
certain particles and nuclear processes were not even known prior to the 
recent extensive studies of cosmic radiations. 

As long ago as 1785 Coulomb showed that it was impossible to prevent the 
escape of charge from an electroscope by even the utmost precautions with 
respect to insulation. ]\Iore than a century later C. T. R. Wilson proved in a 
simple experiment tiiat the loss of charge actually took place tlirough the gas 
surrounding the charged leaves of the electroscope. Some attributed this to 
ionization due to supposed traces of radioactive materials within the walls of 
the electroscope, or to the presence of such materials in the atmosphere or in 
the crust of the earth. To check the latter hypothesis Gockel, among others, 
made balloon ascents to nearly 3 miles but found that the diminution of the 
effect was not as rapid as predicted. Indeed in 1911 Hess, and later Kolhoerster, 
found that the rate of discliarge of the electroscope, tiiat is, the ionization effect 
decreased to a minimum value at about 2000 m and then increased as the in¬ 
struments were carried to mucii higher altitudes (nearly 6 miles). Thus Hess 
was led to the conclusion that the origin of the penetrating rays was far above 
the earth and its atmosphere. Tlic importance of his work, and of tliis con¬ 
clusion, was recognized in the award to him of the Nobel Prize in Physics foi 
the year 1936. 

64.1. Early Investigations of Cosmic Rays. World War I interrupted the 
work on cosmic rays, as the radiation was called by Millikan, but it was re¬ 
sumed and vigorously prcs.'^ed forward during the 1920-30 decade. Rutherford 
and Cooke at McGill rniversity had found that surrounding an electroscope 
by brick scarcely reduced the rate of leak, and McLennan and Burton at 
Toronto had no greater success hy lowering a charged electroscope to a con¬ 
siderable depth in Lake Ontario. This work, carried out in 1903^, was not con¬ 
tinued but in 1922 Millikan and his colleagues began an extensive series of 
observations whieb yield(Ml many important results. For example, self-recording 
electroscopes wei-e lowerial into dee[) mountain lakes at different altitudes, Muir 
Lake near i\It. W'hitney (elevation 11,800 ft) and Arrowhead Lake (5100 ft) in 
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Southern California. The readings at Arrowhead Lake were lower due to the 
absorption of the extra 6700 ft of air through which the radiation reaching this 
lake had to pass. This layer of air is equivalent to approximately 6 ft of water. 
Fig. 64-1 represents an explanatory diagram. If one allows for absorption of 
the air layer existing between the altitudes by making a correction of 6 ft 
in the depth readings then the agreement between the two sets of readings is 
excellent. For example, a reading at a depth of 30 ft at Muir Lake would match 
one obtained at a depth of 24 ft in Arrowhead Lake. This work clearly demon¬ 
strated the dominant vertical direction of the cosmic rays and yielded informa¬ 
tion as to their absorption in water. Their intensity at 100 ft under a water 
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Fig. 64-1. Illustration of the Millikan- 
Cameron experimental study of the ab¬ 
sorption of cosmic rays in deep moun¬ 
tain lakes (Adapted from White) 



Meters of water 


Fig. 64-2. Ionization by cosmic 
rays shows a maximum near 
the “top” of the atmosphere. 
Thickness of air penetrated, 
measured in terms of feet of 
water offering equivalent ab¬ 
sorption (Adapted) 


surface was only 0.01 per cent of the intensity at the surface, but their hardness 
increases with the depth and it has been found possible to detect cosmic radia¬ 
tion through a layer of 2000 ft of water by using an extremely sensitive electro¬ 
scope. This indicates a penetration far beyond that of any artificially produced 
radiation, or that given out by radioactive substances. The Millikan group 
made measurements in the deep valleys and gorges of the high Andes mountains 
to see whether variations would accompany the appearance and disappearance 
of the sun, also of the milky way. Since none was observed in either case they 
concluded that neither the sun nor the stars could be considered the source of 
the cosmic radiation. 

Millikan and his associates carried out many balloon soundings in a large 
number of different locations to study the variations in the intensity of the 
cosmic radiations with latitude as w’ell as with altitude. Their method was to 
lift self-recording instruments by means of two balloons to heights far beyond 
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W balloons. As soon as one had burst the instruments were 

lanfblo of ^ H balloon. Later more elaborate equipment, 

^pable of tiansmitting by radio waves the indications of the various instru- 

Tfbl iTn" changes could be followed throughout the motion 

of the balloon and therefore results could be obtained whether or not the instru- 

"'err' '''''''’' balloons was em¬ 

ployed. In Fig. 64-2 IS given a curve showing results obtained by two separate 

ascents made at Fort Sam Houston, Texas. This curve, which may be con- 

sideied typical, shows a strong maximum in ionization near the top of the 
atmosphere. * 

64.2 Cosmic Rays and the Earth’s Magnetic Field. If cosmic rays con¬ 
sisted of only photons and neutrons, the magnetic field of the earth would have 
no effect on tlicir intensity within 

this field. But any charged particles 
would be deflected normally to the 
directions of both the field and their 
line of approach, assuming these di¬ 
rections are inclined to each other, 
in accordance with tiie motor rule. 

Particles having the direction in¬ 
dicated by A in Fig. 64^3—that is, 
parallel to tlie lines of tlie magnetic 
field of the earth—sufi'er no deflec¬ 
tion and reacli the earth whatever 
their charge or velocity. Particles 
approaching the earth in a direction 
normal to its field as in cases B and 
C follow curved paths as shown. 

They arc bent back into space before 

reaching the cartli if their energy is below roughly 10,000 Mev. They reach 
the earth, as shown !)y D, if tlieir energy is above this value. Particles striking 
the field of the earth obliquely as at E follow corkscrew paths and may or may 
not reach the earth, again depending on their energy and their direction. Note 
that the positive particle at B appears to come from the west to a man at P, 
while the negative at C appears to come from the east. Since the greater number 
are known to come from the west it is deduced that the cosmic ray j)articlcs 
are predominately positive at sea level. 

From the discussion given above it is easy to understand the experimentally 
established fact that the intensity of the cosmic radiation is considerably 
greater in the regions of the magnetic poles than in the geo-magnetic equatorial 
regions (about 33 per cent greater at high altitudes) and also that the variations 
in the intensity of cosmic rays are more clo.sely related to geo-magnetic than 
to the geograi)hic latitudes. 

A new theory as to the origin of cosmic rays, proposed by Teller, is based on 



F iG. 64—3. Only those charged particle? hav- 

% high energies are able to 
reach the earth's surface in the magnetic 

equatorial region 
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the action of magnetic fields on moving charged particles. It holds that the 
particles originate in the corona of the sun where disintegrating collisions, as¬ 
sociated with the extremely high temperatures (perhaps a million degrees) and 
violent motions characteristic of this region, are known to take place. Protons 
and other fragments of nuclei become trapped in the extensive and changing 
magnetic fields in solar space and may spend periods ranging up to millions of 
years, following circuitous paths and acquiring energy from the moving mag¬ 
netic fields. The cosmic ray particles, largely protons, finally reaching the earth 
therefore approach from random directions. On this theory violent solar mag¬ 
netic storms would affect the intensity of the cosmic rays, just as has been 
observed directly. 

64.3. Direction Effects. Several methods of investigating the variation in 


intensity with direction have been employed. One of those tried involved the 
use of a heavily shielded ionization chamber provided with a conical opening 
which could be pointed in any direction. It was found, however, that the 
penetration of the cosmic rays was so great that it was not practicable to have 
the absorbing shell sufficiently thick to reduce their intensity by an amount 

which could be measured accurately. A far 
better arrangement makes use of a set of 
two, three, or more Geiger-Mueller tubes 
arranged as shown in Fig. 64—4. Only par¬ 
ticles which pass through all three tubes, 
as suggested by path (a) produce a response 
in the special thyratron circuit to which the 
tubes are attached indirectly. The chance 
that three unrelated particles could affect 
the three G-M tubes simultaneously is al¬ 
most nil. Various types of circuits have 

Fig. 64-4. Schematic arrangement been used in coincidence counters, as such 
for observing directional variation arrangements are called. That suggested in 



in the intensity of cosmic raVs by 
the use of coincident counting. 
Only particles passing through all 
three G-M tubes are counted 


Fig. 64-4 is arranged so that pulses from 
all three G-M tubes must combine or else 
the thyratron circuit will not cause a pulse 
to pass through the counter which is in¬ 


cluded in the circuit. This means that the combination serves virtually as a 


cosmic ray telescope. Thus the direction effect may be studied even in the 
presence of the myriads of cosmic ray particles passing through the tubes and 
the space about them in all directions except from below. As might be expected 
the greatest number come from above since such particles have the shortest 
possible air paths, and this is true regardless of the time of day or night the 
observations are made. Cosmic rays which reach the earth’s surface are made 


up of charged particles almost exclusively. 

64.4. The Nature and Some Properties of Cosmic Rays. The cosmic rays 
which enter the atmosphere of the earth are believed to'consist mainly of high- 


753 


THE NATURE AND PROPERTIES OF COSMIC RAYS 


energy protons but include also a strong component of extremely high-energy 
electrons. These together are called primary cosmic rays, and they are absorbed 
in the upper tenth of tiie atmosphere. The protons may have energies up to 10^ 
Mev. A direct collision between the nucleus of an atom and such a proton may 



Fig 64-5 Proton and iVIo 5 =on oiecfcd from a niioleus by cosmic-ray action loft their 
tracks in an Ilford C2 emulsion, (h) A cosmic ray star produced m Ilford C2 emu sion. 
A meson from the primary star caused a smaller disintegration. (Photos by A. Morn- 

son National Research Council of Canada.) 


shatter the nucleus and produce a number of fragments with divergent velocities. 
When this occurs to a nucleus lying within an undeveloped photograidiic film a 
microscopic “star" may be detected about each nucleus thus shattered, upon 
the development of the film. Or. A. Morrison, and also E. Pickup and L. Voy- 
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vodic made a study of a great many films carried at high altitudes on Trans- 
Atlantio planes. A single case showing the production of a meson and a proton 
is given in Fig. 64-5(a). A typical star, reproduced in (b), clearly shows that 
the fragments of the shattered nucleus vary in direction, velocity, and in mass 
and charge. Some fragments carry positive charges, others negative. There are 



Fig. f,4-r,. Photomicrograph of star found in Ilford G5 emulsion believed to be due o 
an explosion of a silver nucleus by an extremely energetic eosmic ray J'P 

in lower right portion indicated by an arrow evidence of electron pair prodiwtion 
(Photo bv E. Pickup and L. Voyodic, National Research Council of Canada) 


many which carry a single charge and have a mass of about 230 times that 
of the electron. They are called tt mesons and are found to be radioactive 
with a half-value period of only a few microseconds. jMost of the radial paths 
shown in Fig. 64-5 and Fig. 64-6 arc due to tt mesons. When these decay they 
produce M mesons having a mass of less than half as great, or about 100 » 
that of an electron. A single nuclear disintegration, such as shown in hig. 6^. 
may produce several mesons, and these may bear cither positive or negative 
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charges, a fact definitely proved by the direction of curvature in their paths 
followed in a magnetic field. It is believed that the mesons form an important 
constituent of the nucleus and have much to do with its stability and that they 
are not free to escape unless the nucleus itself is shattered. These mesons con¬ 
stitute the penetrating component of the cosmic radiation which reaches the 
lower atmosphere and penetrates the water bodies and the crust of the earth 
itself to many hundred meters. It is this com¬ 
ponent which is responsible for most of the 
phenomena one associates with cosmic rays. 

The primary high energy particles on striking 
the nuclei in the atmosphere give rise to ex¬ 
tremely penetrative photons. These in turn 
may either eject electrons or may be trans¬ 
formed into a positron-electron pair (see 
Section 64.6). The latter particles may then 
initiate a repetition of train of events just as 
though they were the original primary elec¬ 
trons. Due to the very high energy of the 
original electron this cycle of events may be 
repeated many times before the energy falls 
too low to permit its continuance. Each repeti¬ 
tion increases the number of participating 
particles until at last a veritable shower of 
particles carries on tlie process. Finally all are 
absorbed. Evidence and theory support the 
view that some of tliesc changes cannot take 
place except within the strong field of a heavy 
nucleus. The electrons and the photons asso¬ 
ciated with this process are much more easily 
absorbed in the atmosphere than are the 
mesons and constitute what is known as the 
soft component of the cosmic radiation. A 
schematic diagram representing the growth of 
a shower is shown in Fig. 64-7. In this most of 
tlie growth is due to pair-production although 

one Compton scattering is shown. Otlier types of collisions or changes, also, arc 
possible. While a shower formed in the ujiper atmosphere would continue 
through a great dei)th of the atmosphere and fill a large volume, the phenome¬ 
non can be studied bv means of a iLson cloud chamber if action-\ olumc i.s 
contracted through the use of one or more lead sheet absorbers included within 
the chamber, as shown in Fig. 64-8. It is po.^sihle to detect and to count tlie 
occurrence of showers by using the coincidence-counter method suggested l>y the 
arrangement of the (J-M tubes shown in Fig. 64-9. It must be obvious that there 
will be simultaneous response only when the G-M tube .4 is near the stem of the 



Fig. 64-7. Schematic representa¬ 
tion of the growth of a cosmic- 
ray shower. Note that high-en- 
ergy photons may produce more 
than one charged particle (two 
shown) and that Compton scat¬ 
tering may occur (one case 

shown) 
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shower, and B, C, and D fall within the fanning-out shower. By using this 
response also to '“trigger” the AVilson cloud chamber the percentage of photo¬ 
graphs showing showers has been very greatly increased over that realized 
when expansions were made at random, with also a great saving of time and 
material. 

64.5, The Discovery of the Positron. Although Dirac had predicted the 
existence of a positron corresponding to the electron exactly except for the sign 
of its charge, the particle suggested by his theory was little more like an electron 
than the knotiiole in a lune board is like the knot which previously had filled 
tiie hole. The credit for the discovery of the positron (along with a Nobel 



Yu-,. 64-^. Wilson cloud chainher photoEraph of a cosmic-ray shower (Courtesy Franco 
Rasetti. Elements of Nuclear rhyslcs. Copyridit 1036 by Prentice-Hall, New York) 


Prize) was given to Professor C. D. Amlerson. Working with ^lillikan he con¬ 
structed a large Wilson cloud chamber in a vertical plane and provided it with 
a very large and strong magnetic field. He observed a number of paths ^\hich 
had the character of an electron path except for the direction of curvature. 
Ih'cvious ohserveis who observed such paths had supposed them to be due to 
electrons moving in a reverse direction, but the use of such high-speed elections 
made it jwssible definitely to clear up any uncertainty as to direction, for 
such particles are able to penetrate thick slabs of lead. The crucial photograph 
which settled the issue is represented diagrammatically in Fig. 64-10(a). The 
smaller curvature Monger radius! in the lower portion showed definitely that 
the particle was moving in an upward direction, and the curvature to the left 
I the field is normal to and directed into the page) furnished proof that the 
charge carried was ])ositive. Fvidence was obtained, also, that the e/in value 
was the same as for the electron. Thus the discovery of the i)ositron was a 
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by-product of research in the field of cosmic rays. Tlic importance of this i . 

the explanation of many nuclear changes must be evident to those who have 

studied the nuclear changes suggested by some of the equations given in 
Chapter 62. 

64.6. Pair-Production by Cosmic Rays. By pair-production is meant the 
actual cication of a positron and an electron out of the energy of a high-energy 
photon. (Review Section 62.12). The process may be considered as the reverse 
of the conversion of mass into energy and it is in line 
with the Einstein relation E — )uc~. It therefore cannot 
take place unless the energy of the gamma-ray photon, 
divided by c- is equal to or greater than 2///, where m is 
the mass of the electron or of the iiositron. From tlie 
known mass of the electron one may find by calculation 
that a gamma-ray having an energy of less than roughly 
1.02 Mev would he unahle to create a jiair. 

Pair-production does not take place in empty space 
as the recoil of an electron or nucleus is a necessary part 
of the process; hence it can take place only in the strong 
field about such a particle. In this i)rocess a nucleus is 
far more eft'ective than an electron, and the heavier the 
nucleus the more elYective it is. Indeed the i>r()hal)ility of 
pair production varies directly as the square of the atomic 
number of the nucleus, hence lead sheets are placed in 
Wilson cloud chambers when it is desired that jiair j)ro- 
duction he observed. This i)rol)ahility increases also with 
the energy of the initial plioton. Any energy in excess of 
the 1.02 Mev which is transformed into the masses of the 

positron and the electron jirovides the kinetic energy of the positron and the 
electron ])roduced. A WCC photograph showing pair-j)roduction is given in 
Fig. 64—10lb). Pair-j)roduction in an emulsion is sliown in Fig. 64—6. The posi¬ 
tron can have only a short life, hecause it is certain to combine (piickly with 
an electron. That is why the jiositron escaped detection so long. The combina¬ 
tion of a positron with a electron results in z(“ro charge, and their C(piivalent 
energy ai)pears as radiant eruagy in the form of two photons. This constitutes 
annihilation radiation. In lK)lh pair-production and pair-aimihilation there 
must 1)0 two i)articles involved in order to make possil)le the conservation of 
momentum, hence the two photons. Sliould the conver>ion tak(‘ places in t!i(‘ 
field of a nucleus oidv one i)hoton might roult since the nuchnis can ad'orh 
momentum. TIu' discovery of pair-production made it possible to clear up 
many puzzling radiation- oh-erved experimentally. Paii-production coni rihutes 
greatly not only to the growth ol >howei> i»ul also to th(“ output ol >ueh high 
irotential g(‘neratoi-> as the betatron. Inde(‘d the alrsorptiorr of the radiation 
from the betatron within the body, a- in cancer thei-apy, in\'ol\(- a run-down 
I)rocess not mdike that Inn ing to do with the growth of showcus an<l seheniali- 


Fi(i. 61-0. An ar- 
ranKcrncnt of a Wil¬ 
son cloud chain- 
hcr anil 0-M tubes 
suital)le for counting 
cosmic-ray sliowers 
t.Vdaptcd) 
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cally shown in Fig. 64-7. Were it not for this effect such radiation would be 
of little use for such purposes. 

64.7. Possible Biological Effects of Cosmic Radiations. In recent years a 
large number of investigations have been carried out on the mutations pro¬ 
duced by radiations such as ultraviolet light, x-rays and gamma-rays, beta- 
rays, and neutrons. There can be no doubt as to the decided effects such ra¬ 
diations may have on the frequency of mutations. The results have become 
quantitative in character and certain laws have been established. Penetrating 
radiations may produce gene mutations directly or may produce chromosomal 
breaks and rearrangements. In the case of gene mutations the probability of 



Fig. 64-10. (a) A crucial photograph by Carl D. Anderson, responsible for the discov¬ 
ery of the positron. Note the shorter radius of the path in the region above the lead 
l)artition where the velocity of the positron is lower (adapted), (b) A Wilson cloud 
chamber photograph showing two cases of the production of a positron-electron pair, 
a process known as “pnir production” (adapted). (Courtesy of Carl D. Anderson) 


the effects is roughly jiroportional to the total radiation received, its intensity 
having little or no effect. In the case of mutations due to single or multiple 
breaks in the chromosomes there is some evidence that radiation in concen¬ 
trated doses is more effective than the same radiation spread over a long period 
of time. One would expect tliis to be true since in the latter case more time 
is afforded for restorations. Also, the effect seems to conform to the all or 
none” principle so widely applicable in biology, for the changes produced are 
cither complete or insignificant. The body offers little or no shielding to germ 
cells against such penetrating radiation as the cosmic rays. Cosmic radiation 
is very weak compared to the x-radiations and the other radiations used in 
experimental investigations of the effects of such radiations on mutations, ex¬ 
cept within the lieart of a cosmic ray shower. The probability that any chromo¬ 
some involved in a fertilization will suffer the necessary direct hit by a cosmic 
rav particle is considered very small. But there are on the average 1.4 cosmic 
particles striking each minute on each square centimeter of level surface at sea 
level. Therefore it is not easy to dismiss the hypothesis that cosmic radiation 
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may have playc(i an important part in the evolution of the forms of life which 
now exist by bringing al)out mutations which coukl not have occurred otherwise. 


Problems and Exercises 

1 . In Section 04.1 ajipears the statement tliat. the 0700 ft of air between the levels 
of Arrowhead Lake and Muir Lake otTers the same absorption of cosmic rays as 0 It 
of water. Assuming that absorption is roughly proimrtional to the total mass traversc<l, 
calculate the mean density of the air in the layer described. (A«s. 0.000895 gm enP) 

2. Make a lust of the various exjierimental methods of investigating cosmic rays 
that are mentioned in this chapter. (No discussion of the methods is required.) 

3. Count the number of radial "tracks” which you can disting\hsh in each of the 
nuclear disintegrations shown in Fig. 64-8. In each ca.'C how many of these were due 
■,o j)articles of greater mass than that possessed by a meson or by an electron? 

4. Using the conversion constants given in Section 62.12, show that only the gamma- 
ray photons which have an energy greater than 1.02 Mev are able to cause jxiir- 
production. 

5. Make a diagram showing a j^ositive j^ariicle |)as<ing very oblicpielv across a mag¬ 
netic fiehi, indicating the direction of eacli. In vector fashion divide the velocity vec¬ 
tor into comi)onents j)arallel to, and norm;il to the direction ot the migneiic field. 
Show that the jiarticle will follow a “cork-screw” path and indicate it.s direction ot 
motion along the “screw.” 

6 . Assuming that the red corpuscle of the human body has a diameter of 7.5 microns 
and that it offers the same resistance to the passage ot a meson as is oflereil !)y the 
photographic emulsion concerned with Fig. 64-8, liow many cells would the highest- 
speed meson shown in (a) traverse? 
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Appendix 

ABBREVIATED LIST OF PHYSICAL CONSTANTS 

From DuMond and Cohen, “A least squares adjustment of the atomic constants as of 
December, 1950.” Report to National Research Council Committee on constants (mim¬ 
eographed). Courtesy of R. T. Birge. 


N 

Avogadro’s number 

6.0254 X 10-^ atoms/gm atom 

e 

Electronic charge 

4.8022 X 10-'° esu 


Electronic charge 

1.60186 X 10-2° emu 

m 

Electron rest mass 

9.1072 X 10-28 gj^ _ 0.000549 amu 

h 

Planck’s constant 

6.6238 X 10-2' gj.g ggQ 

c 

Velocity of light 

2.99790 X 10'° cm/sec or 186,326 ini/se( 

V 

11 

Faraday constant 

9651.9 emu/gm mol (phys) 

h/e 


1.3793 X 10-'" erg sec/esu 

e'/m 

Specific charge on electron 

1.75S9 X 10' emu/gm 

H 

Atomic weight of hydrogen 

1.00813 (phvs) 

H* 

Atomic weight of proton 

1.0075S (phys) 

H*/Nm 

Ratio of proton mass to electron 



mass 

1836.14 


Stefan-Boltzmann’s Constant 

5.6699 X 10’^ erg cm*2deg’^sec'' 


Conversion factor from atomic mass units to Mev 031.15 Mev/amu 
Conversion factor from grams to Mev 5.6106 X 10"*^ Mev/gm 
Energy associated with 1 ev 1.6019 X 10'^" erg 
Gas law con.stant (R) =S.134 X 10' ergs/degree/gm inol 
Gram-molecular volume (at S.T.P) (Fm) =22,415 cm^ 
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MISCELLANEOUS RELATIONS BETWEEN UNITS 


1 inch 
1 kilometer 
1 mile 
1 micron 
1 angstrom 
1 liter (1 1) 

1 U. S. gallon 
1 imperial gallon 
1 kilogram (kg) 

1 pound 
1 slug 

1 short ton (U. S.) 
1 long ton 
1 metric ton 
60 miles/hour 


= 2.54 cm 

“ 0.6214 mile (approximately *^8 mile) 

= 1.6093 km 

= 10"®m = 0.0001 cm 

= 10-^° m = 10-« cm = 0.00000001 cm 

= vol of 1 kg water at 4°C and 760 mm Hg pressure = 1000.027 
cm^ 

= volume of 8.337 lb of water = 231 in.^ 

= volume of 10 lb of water = 277.3 in.^ 

= 10^ grams = 2.2046 pounds avoirdupois 
= 0.4536 kg 
== 32.2 pounds 
= 2000 lb 
= 2240 lb 

= 1000 kg (approximately 1 long ton) 

= 88 ft/sec 


1 pound force (lb f) = 32.2 poundals = 4.45 X 10® dynes 
1 poundal = 13,825 dynes 

1 atmosphere = pressure of 760 mm of mercury at O'^C., latitude 45® at sea level 


— 14.7 Ib/in.^ = 1013 millibars 
1 watt = 1 joule per sec = 10^ ergs/sec 

1 horsepower = 550 ft-lb/sec = 33,000 ft-lb/min = 0.746 kilowatt 

1 kilowatt = 1.34 horsepower 


COMMONLY NEEDED MATHEMATICAL FORMULAS 

OR EQUIVALENTS 

Circle, circumference, = 27rr. Circle, area, = 

Sphere, area, = 47rr, Sphere, volume, — 47rr^/3 
4 right angles = 360® = 2 tt radians 
1 radian = 57.296 degrees 1° =0.01745 radian 


TT =3.1416 ... 
tt" =9.8696 ... 
e =2.7183 ... 

\/2== 1-414 ... 

■^ = 1.732 ... 

log. N = log. 10 X log W = 2.3026 log N 


log TT = 0.4972 
log tt" = 0.9943 
log e = 0.4343 

log V2 = 0.1505 
log \/3 = 0.2386 


ABBREVIATIONS 


The u.se of prefixes greatly simplifies the naming of units. 
The following are of importance in physics. Abbreviations 
for the prefixes are given in parentheses. 


Deci- (d-) 

Centi- fc-) 

Milli- (m-) 

Micro- (fi~) 
Micromicro- (fifi-) 
Kilo- (k-) 

Mega- (M-) 


= one tenth or 10“^ 

= one hundredth or 10"^ 

= one thousandth or 10'® 

= one millionth or 10“® 

= one millionth of one million or 10“^“ 
= thousand times or 10® 

= million times or 10® 
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COm^RSION TABLES FOR ABSOLUTE UNITS 


Quantity MKS CGS English English 

Gravitational 


Length 

1 meter 

100 cm 3.2808 ft 

3.2808 ft 

Mass 

1 kg 

1000 grn 2.20401b 

0.06852 slug 

Time 

1 sec 

1 sec 1 sec 

1 sec 

Force 

1 newton 

10^ dyne 7.233 pdl 

0.2248 lb (force) 

Energy 

1 joule (or 1 new¬ 




ton-meter) 

10^ erg 23,613 ft-pdl 

0.7376 ft-lb 

Power 

1 watt 

10^ erg/scc 0.00134 hp 

0.00134 hp 



CGS Electrostatic 

CGS Electromagnetic 

Resistance 

1 ohm 

1/(9 X 10”) statohm 

10® abohm 

Potential 

1 volt 

1/3(X) statvoit 

10®abvolt 

Current 

1 ampere 

3 X 10® statampere 

10"* abampere 

Charge 

1 coulomb 

3 X 10® statcoulomb 

10'^ abcoulomb 

Capacitance 

1 farad 

9 X 10” statfarad 

10"® abfarad 

Inductance 

1 henry 

1/(9 X 10”) stathenry 

10® abhenrv 

Magnetic flux 

1 weber 

1/300 statweber 

10® maxwell 

Magnetic flux 




density 

1 weber/meter^ 

1/(3 X 10®) statweber/cm^ 

10^ gauss 

Magnetic field 




strength 

1 MKS oersted 

3 X 10^ statoersted 

10'® oersted 


It will he observed that the prefix ab is used throughout to indicate units on the 
electromagnetic system, and stat correspondingly applies for the electrostatic units. 
The student should acquire a reliable memor>' as to which unit in any category is the 
larger, otherwise the remembered conversion factor may be used in the wrong sense. 


GREEK ALPHABET 


A 

a 

Alpha 

H 

1 

Eta 

N 

V 

Nu 

T 

r 

Tail 

B 


Beta 

0 

0 

Theta 

H 

i 

Xi 

T 

V 

Vpsilon 

r 

y 

Ga m ma 

I 

i 

Iota 

0 

0 

Omicron 



Phi 

A 

8 

Delta 

K 

K 

Kappa 

n 

7T 

Pi 

X 

X 

Chi 

E 

c 

Epsilon 

A 

X 

Lambda ' 

p 

P 

Rho 



Psi 

Z 


Zeta 

M 


Mu 

X 

<X 

Sigyna 

a 

0) 

Oynega 
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Table IV.—Logarithms of Numbers 




1.01 

1.02 

1.03 

1.04 

1.05 

1.06 

1.07 

1.08 

1.09 

1.10 

l.lf 

1.12 

1.13 

1.14 

1.15 

1.16 

1.17 

1.18 
1.19 

1.20 

1.21 

1.22 

1.23 

1.24 

1.25 

1.26 

1.27 

1.28 
1.29 

1.30 

1.31 

1.32 

1.33 

1.34 

1.35 

1.36 

1.37 

1.38 

1.39 

1.40 

1.41 

1.42 

1.43 

1.44 

1.45 

1.46 

1.47 

1.48 

1.49 


.0170 

.0212 

.0253 

.0204 

.0334 

.0374 

0.0414 

.0453 

.0402 

.0531 

.0509 

.0007 
.0045 
.0082 
.0710 
•0< o5 

0.0792 

.0828 

.0804 

.0899 

.0034 

.0909 

.1004 

.1038 

.1072 

.1106 

0.1139 

.1173 

.1206 

.1239 

.1271 

.1303 

.1335 

.1307 

.1399 

.1430 

0.1401 

.1492 

.1523 

.1553 

.1584 

.1014 

.1644 

.1673 

.1703 

.1732 


.0004 

.0048 

.0090 

.0133 

.0175 

.0216 

.0257 

.0298 

.0338 

.0378 

.0418 

.0457 

.0406 

.0535 

.0573 

.0611 

.0048 

.0680 

.0722 

.0759 

.0795 

.0831 

.0867 

.0903 

.0938 

.0973 

.1007 

.1041 

.1075 

.1109 

.1143 

.1176 

.1209 

.1242 

.1274 

.1.307 

.1339 

.1370 

.1402 

.1433 

.1404 

.1495 

.1526 

.1556 

.1587 

.1617 

.1647 

.1076 

.1706 

.1735 



.0095 

.0137 

.0179 

.0220 

.0261 

.0302 

.0342 

.0382 

.0422 

.0401 

.0500 

.0538 

.0577 

.0615 

.0652 

.0689 

.0726 

.0703 

.0799 

.0835 

.0871 

.0906 

.0941 

.0976 

.1011 

.1045 

.1079 

.1113 

.1146 

.1179 

.1212 

.1245 

.1278 

.1310 

.1342 

.1374 

.1405 

.1436 

.1467 

.1498 

.1529 

.1559 

.1590 

.1020 

.1649 

.1679 

.1708 

.1738 



.0306 

.0346 

.0386 

.0426 

.0405 

.0504 

.0542 

.0580 

.0018 

.0656 

.0093 

.0730 

.0706 

.0803 

.0839 

.0874 

.0910 

.0945 

.0080 

.1014 

.1048 

.1082 

.1116 

.1149 

.1183 

.1216 

.1248 

.1281 

.1313 

.1345 

.1377 

.1408 

.1440 

.1471 

.1501 

.1532 

.1562 

.1593 

.1623 


1082 

1711 

1741 


.0228 

.0269 

.0310 

.0350 

.0390 

.0430 

.0469 

.0508 

.0546 

.0584 

s 

.0622 

.0600 

.0697 

.0734 

.0770 

.0806 

.0842 

.0878 

.0913 

.0948 

.0983 

.1017 

.1052 

.1086 

.1119 

.1153 

.1186 

.1219 

.1252 

.1284 

.1316 

.1348 

.1380 

.1411 

.1443 

.1474 

.1504 

.1535 

.1505 

.1596 

.1626 

.1655 

.1085 

.1714 

.1744 


.0022 

.0065 

.0107 

.0149 

.0191 

.0233 

.0273 

.0314 

.0354 

.0394 

.0434 

.0473 

.0512 

.0550 

.0588 

.0026 

.0003 

.0700 

.0737 

.0774 

.0810 

.0846 

.0881 

.0917 

.0952 


.0026 

.0069 

.0111 

,0154 

.0195 



.0986 

.1 
.1 
.1 
.1 


.1156 

.1189 

.1222 

.1255 

.1287 

.1319 

.1351 

.1383 

.1414 

.1446 

.1477 

.1508 

.1538 

.1569 

.1599 

.1629 

.1058 

.1088 

.1717 

.1740 


.0318 

.0358 

.0398 

.0438 

.0477 

.0515 

.0554 

.0592 

.0630 

.0067 

.0704 

.0741 

.0777 

.0813 
.0849 
.0885 
.0920 
.0955 

.0990 

.1024 

.1059 

.1092 

.1126 

.1159 

.1193 

.1225 

.1258 

.1290 

.1323 

.1355 

.1386 

.1418 

.1449 

.1480 
.1511 
.1541 
.1.572 
.1602 

.1632 
.1661 
.1091 
.1720 
.1749 


.0030 

.0073 

.0116 

.0158 

,0199 

.0241 

.0282 

.0322 

.0362 

.0402 

.0441 

.0481 

.0519 

.0558 

.0596 

.0633 

.0671 

.0708 

.0745 

.0781 

.0817 
.0853 
.0888 
.0924 
.0959 I 



.0993 

.1 
.1 
.1 
.1 


.1163 

.1196 

.1229 

.1261 

.1294 

.1326 

.1358 

.1389 

.1421 

.1452 

.1483 

.1514 

.1544 

.1.575 

.1605 

.1635 

.1664 

.1094 

.1723 

.1752 


.0245 

.0286 

.0326 

.0366 

.0406 

.0445 

.0484 

.0523 

.0561 

.0599 

.0637 

.0674 

.0711 

.0748 

.0785 

.0821 

.0856 

.0892 

.0927 

.0962 

.0997 

.1031 

.1065 

.1099 

.1133 

.1166 

.1199 

.1232 

,1265 

.1297 

.1329 

.1361 

.1392 

.1424 

.1455 

.1486 

.1517 

.1547 

.1578 

.1608 

.1638 

.1667 

.1697 

.1726 

.1755 


.0039 

.0082 

.0124 

.0166 

.0208 

.0249 

.0290 

.0330 

.0370 


p 


.0410 





Kf^ 











Tom 










hSI 












tfpjM 


1136 

.1139 

1169 

.1173 




^9 


N 


8 
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Table IV .— Logarithms of Numbers { Contimied ) 


1.54 

1.55 

1.56 

1.57 

1.58 

1.59 

V.6I^ 

1.62 

1.63 

1.64 

1.65 

1.66 

1.67 

1.68 

1.69 ' 

1.70 

1.71 

1.72 • 

1.73 

1.74 

i l .75 ’ 
1.76 
1.77 
1.78 
1.79 

1.80 

1.81 

1.82 

1.83 

1.84 

1.85 

1.86 

1.87 

1.88 

1.89 

1.90 

1.91 
1.92 
1.93 
I 1.94 

1.95 

1.96 

1.97 

1.98 

1.99 


.1855 

.1884 

.1912 

.1940 

,1907 

.1995 

.2022 

.2049 

.2076 

.2103 

.2130 

.2156 

.2183 

.2209 

.2235 

.2261 

.2287 

.2312 

.2338 

.2363 

.2388 

.2413 

.2438 

.2463 

.2487 

.2512 

.2536 

.2560 

.2584 

.2608 

.2632 

.2655 

.2679 

.2702 


.2907 

.2929 

.2951 

.2973 

.2995 


.1775 

.1804 

.1833 

.1861 

,1889 

.1917 

.1945 

.1973 

.2000 

.2028 

.2055 

.2082 

.2109 

.2135 

.2162 

.2188 

.2214 

.2240 

.2206 

.2292 

.2317 

.2343 

.2368 

.2393 

.2418 

.2443 

. 24()7 

.2492 

.2516 

.2541 

.2565 

.2589 


3 

.2975 

.2997 


.1892 


.1781 

.1810 

.1838 

.1867 

.1895 

.1923 

.1951 

.1978 

.2006 

.2033 

.2060 

.2087 

.2114 

.2140 

.2167 

,2193 

.2219 

.2245 

.2271 

.2297 

.2322 

.2348 

.2373 

.2398 

.2423 

.2448 

.2472 

,2497 



.1784 

.1813 

.1841 

.1870 

.1898 

.1926 

.1953 

.1981 

.2009 

.2036 

.2063 

.2090 

.2117 

.2143 

.2170 


.1787 

.1816 

.1844 

.1872 

.1901 

.1928 

.1956 

.1984 

.2011 

.2038 

.2066 

.2092 

.2119 

.2146 

.2172 


.1875 

.1903 

.1031 

.1959 

.1987 

.2014 

.2041 

.2068 

.2095 

,2122 

.2148 

.2175 


,2196 .2198 .2201 


.2222 

*.2248 

.2274 

.2299 

.2325 

.2350 

.2375 

.2400 

.2425 

.2450 

.2475 

.2499 

.2524 

.2548 

.2572 

.2596 

.2620 

.2643 

.2667 


,2225 

,2251 

,2276 

.2302 

.2327 

.2353 

.2378 

.2403 

.2428 

. 24.53 

.2477 

.2502 

.2526 


.2227 

.2253 

.2279 

.2304 

. 23.30 

.2355 

.2380 

.2405 

.2430 

.2455 

.2480 

. 2.504 

.2529 


.2574 

.2598 

.2622 

.2646 

.2669 


.2577 

.2601 

.2625 

.2648 

.2672 


.2603 .2695 

.2710 .2718 

.2739 .2742 

.2762 .2765 

.2785 i .2788 


,2808 

.2831 

. 28.53 

.2876 

.2898 

.2920 

.2912 

.2964 

.29S») 

.300vS 


.2810 

.2833 

. 28,56 

.2878 

.21K10 

.2923 

.2945 

.2967 

.29,89 

.3010 


10 
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Table IV. —Logarithms of Numbers {Continued) 




.0294 

.0682 

.1038 

.1367 

.1673 


1931 .1959 
2201 .2227 
2455 .2480 
2695 .2718 
2923 .2945 



Proportional Parts 


6 7 8 


il 


.1072 

.1399 

.1703 



2.0 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

3.0 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

4.0 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

5.0 

5.1 

5.2 

5.3 

5.4 


3139 

3345 

3541 

3729 

.3909 

.4082 

.4249 

.4409 

.4564 

.4713 

.4857 

.4997 

.5132 

.5263 

.5391 

.5514 

.5635 

.5752 

.5866 

.5977 

.6085 

.6191 

.6294 

.6395 

.6493 


,3160 

,3365 

.3560 

.3747 

.3927 

.4099 

.4265 

.4425 

.4579 

.4728 

,4871 

.5011 

.5145 

.5276 

.5403 

.5527 

.5647 

.5763 

.5877 

.5988 

.6096 

.6201 

.6304 


.6503 


.6590 .6599 
,6684 .6693 
.6785 
.6875 
.6964 


7126 

,7210 

.7292 

,7372 


.7050 

,7135 

.7218 

.7300 

.7380 


.2742 

.2967 

.3181 

.3385 

.3579 

.3766 

.3945 

.4116 

.4281 

.4440 

.4594 

.4742 

.4886 

.5024 

.5159 

.5289 

.5416 

.5539 

.5658 

.5775 

.5888 

.5999 

.6107 

.6212 

.6314 

.6415 

.6513 

.6609 

.6702 

.6794 

.6884 

.6972 

.7059 

.7143 

.7226 

.7308 

.7388 


To avoid interpolation 
in the first 10 lines use 
table on preceding page. 


2 4 6 

8 11 13 

2 4 6 

810 12 

2 4 6 

8 10 12 

246 

7 9 11 

245 

7 911 

235 

7 9 10 

235 

7 810 

235 

6 8 9 

2 3 5 

6 8 9 

134 

6 7 9 

134 

6 7 9 

134 

6 7 8 

134 

5 7 8 

13 4 

5 6 8 

1 3 4 

5 6 8 

12 4 

5 6 7 

1 2 4 

5 6 7 

1 2 3 

5 6 7 

1 2 3 

5 6 7 

1 2 3 

4 5 7 

1 2 3 

4 5 6 

1 2 3 

4 5 6 

1 2 3 

4 5 6 

1 2 3 

4 5 6 

1 2 3 

4 5 6 

1 23 

4 5 6 

12 3 

4 5 6 

1 2 3 

4 5 5 

123 

4 4 5 

123 

4 4 51 

« 

123 

3 4 5 

1 2 3 

3 4 5 

1 2 2 

3 4 5 

1 2 2 

3 4 5 

12 2 

3 4 5 


15 17 19 
14 16 18 
14 15 17 
13 15 17 
12 14 16 

12 14 15 
11 13 15 
11 13 14 
11 12 14 
10 12 13 

10 1113 
10 11 12 
9 11 12 
9 10 12 
9 10 11 

9 10 11 
8 10 11 
8 9 10 
8 9 10 
8 910 

8 9 10 
7 8 9 
7 8 9 
7 8 9 
7 8 9 

7 8 9 
7 7 8 
6 7 8 
6 7 8 
6 7 8 

6 7 8 
6 7 8 

6 7 7 
6 6 7 
6 6 7 
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Table IV— Logarithms of Numbers (Continued) 





.7404 

.7482 

.7559 

.7634 

.7709 

.7782 

.7853 

.7924 

.7993 

.8002 

.8129 
.8195 
.8261 
.8325 
.8388 

.8451 
.8513 
.8573 
.8033 
.8692 

.8751 
.8808 
.8805 
.8921 
.8976 


5311 ] 

9 . 


.7419 

.7497 

.7574 

.7649 

.7723 

.7796 

.7868 

.7938 

.8007 

.8075 

.8142 

.8209 

.8274 

.8338 

.8401 

.8403 

.8525 

.8585 

.8645 

.8704 

.8762 

.8820 

.8876 

.8932 

.8987 


.7427 

.7505 

.7582 

.7657 

.7731 

.7803 

.7875 

.7945 

.8014 

.8082 

.8149 

.8215 

.8280 

.8344 

.8407 

.8470 

.8531 

.8591 

.8651 

.8710 

.8768 

.8825 


.7435 

.7513 

.7589 

.7664 

,7738 

.7810 

.7882 

.7952 

.8021 

.8089 

.8156 

.8222 

.8287 

.8351 

.8414 

.8476 

.8537 

.8597 

.8657 

.8716 


.8482 

.8543 

.8003 

.8063 

.8722 


,8774 .8779 



.7459 

.7536 

.7612 

.7686 

.7760 

.7832 

.7903 

.7973 

.8041 

.8109 

.8176 

.8241 

.8306 

.8370 

.8432 

.8494 

.8555 

.8615 

.8675 

.8733 

.8791 

.8848 

.8904 

.8000 

.9015 

.9069 

.9122 


.9227 

.9279 


.9232 .9 
.9284 .9 


.9330 .9335 
.9380 .9385 
.9430 .9435 
.9479 .9484 
.9528 .9533 


,9571 

.0619 

.9066 

.0713 

.9759 

.0805 

. 98 '.() 

.9804 


.9576 

.9624 

.9671 

.9717 


.9581 

.0628 


.0722 

.9768 

.0814 


A 



% * 

978 

.0084 


0 


Proportiooftl Puts 


6 7 8 9 


5 6 7 
5 6 7 
5 6 7 
5 6 7 
5 6 7 

5 6 6 
5 6 6 
5 6 6 
5 5 6 
5 5 6 

5 5 6 
5 5 6 
5 5 6 
4 5 6 
4 5 6 

4 5 0 
4 5 5 
4 5 5 
4 5 5 
4 5 5 

4 5 5 
4 5 5 
4 4 5 
4 4 5 


1 5 


3 4 
3 4 
3 4 



3 4 

oil 2 2 3:3 4 4 
oil 2 2 3,3 4 4 
011 2 2 3,3 4 4 
oil 2 2 3 3 4 4 

011 2 2 3 3 4 4 
011 2 2 3 3 4 4 
011 2 2 3 3 4 4 
011 2 2 3 3 4 4 
011 2 2 3 3 3 4 


1331466788 
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Table V,—Trigonometric Functions (Natural) 



1 radian = 57.3® 1° = 0.017453 radian 
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INTERNATIONAL ATOMIC WEIGHTS, 1949. 


[Retrinttd from 15th Report of the Commission on Atomic Weights of the International Union 

of Pure and Apphed Chemistry.] 


Actinium . 

Aluminium .. 
Americium 

Antimony . 

Argon . 

Arsenic . 

Astatine . 

Barium . 

Beryllium ...■ 
Bismuth 

Boron . 

Bromine ...■ 
Cadmium 

Calcium. 

Carbon . 

Cerium . 

Cxsium . 

Chlorine 
Chromium .... 

Cobalt . 

Copper . 

Curium . 

Dysprosium . 

Erbium . 

Europium ... 
Fluorine 
Francium .... 
Gadolinium 

Gallium . 

Germanium 

Gold . 

Hafnium . . 

Helium . 

Holnuum ... 
Hydrogen ... 

Indium . 

Iodine . 

Iridium . 

Iron . 

Krypton ... 
lanthanum 

Lead . 

Lithium. 

Lutetium ... 

Magnesium 

Manganese 

Mercury 

Molybdenum 


Symbol. 

Atomic 

number. 

Atomic 

weight.* 

Ac 

89 

227 

Al 

13 

2697 

Am 

95 

1241) 

Sb 

SI 

121-76 

A 

18 

39-944 

As 

33 

74 91 

At 

85 

(210) 

Ba 

66 

137-36 

Be 

4 

9013 

Bi 

83 

209-00 

B 

5 

10-82 

Br 

35 

79 916 

Cd 

48 

112 41 

Ca 

20 

40-08 

C 

6 

12-010 

Ce 

58 

140 13 

Cs 

55 

132 91 

Cl 

17 

35-457 

Cr 

24 

5201 

Co 

27 

58-94 ' 

Cu 

29 

63-54 

Cm 

96 

(242) 

Dy 

Er 

66 

162-46 

68 

167-2 

Hu 

63 

1520 

F 

9 

19-00 

Fr 

87 

(223) 

Gd 

64 

156 9 

Ga 

31 

69-72 

Ge 

32 

72-60 

.'\U 

79 

197-2 

Hf 

72 

178 6 

He 

2 

4003 

Ho 

67 

164 94 

H 

1 

1 0080 

In 

49 

114 76 

I 

53 

12692 

Ir 

77 

193 1 

Fe 

26 

55-85 

Kr 

36 

83-7 

La 

57 

138 92 

Fb 

82 

207-21 

Li 

3 

6940 

Lu 

71 

174 99 

Mg 

12 

24 32 

Mn 

25 

54 93 

Hg 

80 

200-61 

Mo 

42 

95 95 


• A value given in brackets denotes the mass 


Neodymium . 

Symbol. 

Nd 

Atomic 

number. 

60 

Atomic 

weight-* 

144-27 

Neptunium . 

Np 

93 

(237) 

Neon . 

Ne 

10 

20-183 

Nickel. 

Ni 

28 

58-69 

Niobium . 

Nb 

41 

92-91 

Nitrogen . 

N 

7 

14-006 

Osmium . 

Os 

76 

190-2 

Oxygen . 

0 

8 

16-0000 

Palladium . 

Pd 

46 

108-7 

Phosphorus . 

P 

15 

30-98 

Platinum . 

Pt 

78 

195 23 

Plutonium . 

Pu 

94 

(239) 

Polonium — 

Po 

84 

210 

Potassium. 

K 

19 

39096 

Praseodymium . 

Fr 

59 

140 92 

Promethium .... 

Pm 

61 

(1471 

Protactinium.... 

Pa 

91 

231 

Radium . 

Ra 

88 

226-05 

Radon . 

Rn 

86 

222 

Rhenium . 

Re 

75 

186-31 

Rhodium . 

Rh 

45 

102-91 

Rubidium . 

Rb 

37 

86-48 

Ruthenium .... 

Hu 

44 

101-7 

Samarium . 

Sm 

62 

150-43 

Scandium . 

Sc 

21 

45-10 

Selenium . 

Se 

34 

78-96 

Silicon . 

Si 

14 

28-06 

Silver. 

Ag 

47 

H)7-880 

Sixiium . 

Na 

II 

22 997 

Strontium . 

Sr 

38 

87-63 

Sulphur . 

S 

16 

32 066 

Tantalum . 

Ta 

73 

IHO 88 

Technetium .... 

Tc 

43 

(99) 

Tellurium . 

Te 

52 

127-61 

Terbium . 

Tb 

65 

159-2 

Thallium . 

T1 

81 

204-39 

Thorium . 

Th 

90 

232 12 

Thulium . 

Tm 

69 

1694 

Tin. 

Sn 

50 

118-70 

Titanium . 

Ti 

22 

47-90 

Tungsten . 

\V 

74 

18392 

Uranium . 

u 

92 

238 07 

Vanadium. 

V 

23 

50-96 

Xenon . 

Xe 

64 

131-3 

Ytterbium 

Yb 

70 

17304 

Yttrium . 

Y 

39 

88-92 

Zinc . 

Zn 

30 

65 38 

Zirconium . 

Zr 

40 

91-22 

number of the most stable known isotope. 


(The names given above arc those adopted by the Chemical Society ) 
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Abampere, 473 

Abbreviated notation in 
725 


nuclear physics, 


Abbreviations, 762 

Aberration, chromatic, 323; spherical, 300, 
324 

Absolute humidity, 169; temperature, 127, 
138; units, conversion table for, 763 
Absorption, mass coefficients of, table, 
666; spectrum^3S6, 387; unit of, 269 
Absorption of, building materials and of 
certain objects, 270; electromagnetic 
radiations, 396; light, 280; light curves, 
405; sound, 266, 269, 274; ultraviolet 
by glass, 402 

Absorption of x-rays, linear coefficient, 
664; quantitative aspects, 663; table of 
mass coefficients of, 666 
Acceleration, angular, 104; due to gravity, 
87; force to produce, 87; in harmonic 
motion, 113; linear, 80; of body moving 
in circular path, 105 
Accelerator, particle, 713 
Accommodation, amplitude, 344; of eye. 


343 

Acliromatic lenses. 323; prisms. 311 
Acoustical absorbing material, 273. 
correction, 270, 273; images, 267, 



treatment, 275 

Aco\istics, 266; in amlitoriums, 266; m 


hospitals, 276 
Action and reaction, 90 
Activating charcoal, 63 
Adorn. N. K., 59 
Adhesion, 53 
Adiabatic, 176 

Adsorption. 52, 62; electrical, 66, in gas 
masks. 63; liquid-gaseous interfaces, 64; 
of gases on gaseous-solid interface.**, 6_, 
recent advances in, 66; selective, 65; 
temperature and time effects, 63; the¬ 
oretical considerations, 66 
Air conditioning, 203; films, practical ap¬ 
plications of, 360; pumps, 120; vil>ra- 
tions of columns of, 266-268 


Airplane, 83 
Albumin A, 604 
Alcohol, 201 
Allergies, 65 

All-or-none principle, 260, 607 
Alnico magnets, 426 
Alpha particles, 687, 728 
Alphabet, Greek, 763 
Alternating current, 528, 540; generators, 
530; measurements, 540; polyphase, 
531, 532; power, 531, 536; voltage, 
measurement of, 549 
Alternator, 530 
Alto, 254 
Ammeters, 481 

Ampere, Andre M., 462, the, 462 
Amplification, 559, 566, 595; factor, 560 
Amplifier, resistance coupled, 561 
Amplitude modulation, 562; of vibration, 

111, 207 

Analysis of sound waves, 238 
Analyzer of light waves, 410 
Anderson. C. D., 756 
Anesthetics, 65, 607 
Angle of dip, 430 
Angular speed, 103 

Animals, hibernating, 197; prehistoric. 197 
Anions, 354 

Annihilation radiation, 757 
Anode, 498 

Antenna, 566; reception by loop, 565 

Antil)odies, 604 

Anticyclone, 177 

Antitoxins, 65 

Anvil, ear, 256 

Apiezon oil, 121 

Appendix, 760 

Aquatic mammals, 198 

Aqueous humor, 343 


Arago disk, 520 

Archimedes' principle, 3, 44. 4i), 4 
plications of, 45 

Architectural acoustics. 266, 270. 
Areas, measurement of, 8 

Ari!<totle. 433 



■'> 
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INDEX 


Armature, 530 
Arteries, hardened, 39 
Arthritis, 30, 46 

Artificial radioactive isotopes as tracers, 
743 

Artificial radioactive substances, 729; 
methods of detection of, 730; modes of 
disintegration of, 730 
Astigmatism, 325, 351 
Aston, Francis ir., 625, 637 
Atomic bomb, 145; energy, 630 
Atomic energy pile, 737, 738 
Atomic number, 635; spectra, 389; struc¬ 
ture, 630; weights, international table, 
769 

Atoms and molecules, 118 
Audiograms, 262 
Audiometer, 261 
Auditor, 267 

Auditorium, 264, 266, 269; ideal, 272 
Auditory sensation area, 262 
Aurora borealis, 619 
Auscultation, 219 
Automicrographs, 744 
Autoradiography, 744 
Average life of an atom, 693 
Aviator, 123 

Avo(ia(Jro. Amedeo, 123; number, 576; 
rule, 123 

Axis, optical of crystal, 413 

B battery, 561 

Back emf in motors, 534 

Bacteriophages, 587 

Bacterium, 60 

Bainbridge, K. T.. 625, 637 

Balmer, Johann 390; equation, 391; 

hydrogen series, 390 
Baritone, 254 
Barrier, 722 
Barnch Foundation, 4 
Basic principles of radio circuits, 555 
Basilar membrane, 257; resonance of the 
fibers of, 258 
Bass, 254 

Batteries, practical considerations relative 
to, 467 

Battery, primary, 458 
Beat tone, 229 
Beats, 228 
Becker, H.. 726 
Becquerel, Henri, 685 
Bel, 261 


Bell Telephone Laboratories, 239, 263 
Bells, 241 

Benson, line-focus, 653 
Beta particles, 688 
Betatron, 550, 552, 717 
Binaural effect, 261; hearing, 260 
Binding energy of nucleus, 735 
Binocular microscope, one-objective, 337; 

two-objective, 337 
Binocular vision, 350 
Bioelectric potentials, 604 
Biprism, Fresnel, 356 
Black body, 190, 280 
Black body radiator, 283 
Blind spot, 346 
Block diagram, 563 
Blodgett, Katherine, 69 
Blood, 72, 106, 154, 201; and lymph, 199; 
corpuscles, 45, 368; pressure, 43; serum, 
74 

Blood-producing cells, 709 
Blue ink, 376 
Body posture, 29 

Body temperature, physical factors af¬ 
fecting, 196; dependence on conduction, 
convection and radiation, 197; effect of 
ingestion of fluids on, 201; evaporation 

and, 200; of animals, 197 
Bohr, Niels. 391; atom, 633; theory. 391, 
633, 638, 661 

Bohr-Rutherford atom. 685 
Boiling point, 126, 160-162; of solutions, 
163; table, 164 
Bomb, 83 
Bones, 36, 37, 38 
Bothe. W., 726 
Bound water, 65 
Boyle, Robert, law, 123, 137 
Brackett series, 390 
Bradley. James, 281 

Bragg, Sir W. H., and Sir W. L., 657; law, 
657; x-ray spectrometer, 657 
Brain, 47 

Breu'ster, Sir David, law, 413 
Brightness, 2S3; contrast, 287 
British Engineering System, 88; standard 
candle, 283; thermal unit, 140 
Broadcasting station, 564; studios, 269 
Brown. Robert, 118 
Brownian movements, 45, 118, 336 
Bucky diaphragm, 666 
Bulk modulus of elasticity, 34 
Bunsen photometer, 284 



INDEX 
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Cadmium, 737 

Calcaneum, 38 
Calcite or Iceland spar, 413 
Calibration of ammeters by potentiometer 
method, 400 

Caliper, micrometer, 7; vernier, 7 
Calorie, 140 

Calorimeter, bomb, 143; human, 143 
Calorimetry, 141; continuous-llow meth¬ 
ods, 142 

Camera, photographic, 327 
Camphor gum, 58 
Canal rays, 621 

Cancer therapy, 232, 675, 698-709 
Candle power, 283, 2S4 
Capacitance, 447, 545, 548; of parallel 
plates, 448; spherical conductors, 448 
Capacitive reactance, 544 
Capacitor, 449, 451, 521, 550, 558. 561, 
601, 678; potential energy of a charged, 
452 

Capacitors, applications of, 454; capaci¬ 
tance of combinations of, 452 
Capillary effect, 43; tubes, 54 
Capillary-active substances, 59, 65 
Carrier wave, 562 
Cassette, 652 
Cathetometer, 8 

Cathode, 558; rays, magnetic properties 
of. 570 

Cathode-ray beam, 570; oscillograph, 238, 
609, 610; oscillograph tube, 5S1; os¬ 
cilloscope, 541, 570 
Caustic, 300, 324 
Cclcius, Anders. 126 

Cells, electrolytic, 408-501; photoelectric. 
591; ])hotovoltaic, 591; resistance of, 
468; series and parallel combinations 
466-468; standard of emf, 489; vol¬ 
taic, 456-461 

Center of gravity. 26; of mass, 26 
Centigrade temperature scale, 127 
Centrifugal force, 106; anti the aviator, 
107; anti-G suits. 107 
Centrifuge, 77; microscope, 106 
Centripetal force, 106 
Cerebrospinal fltiid, 46 
Cgs units, 6. 89 

Chndu'ick. 8/r Jotnes. 722, 726, 727 
Chain reaction, 736 

Change of state of liquids ami vapors, 
158; of solids, 150 

Characteristic curve, 566; mutual, 559 


Characteristic x-radiation, 658, 659; ex¬ 
planation of, 660 
Charged sphere, i^otcntial of, 447 
Charles, Jacques A. C., law, 137 
Chemical effects of electrical currents, 
457, 498 

Chemical equivalents, table of, 502 
Chinese language, 253 
Choke, 548 

Chromatographic pigments, 63 
Circuits, capacitive, 544; electric induc¬ 
tance, 543; series and parallel connec¬ 
tion, 564 

Climate, 201; health in relation to, ISO 

Climatic therapy, 181 

Climatology, 169 

Cloud chamber, Wilson, 673 

Cloud formation, 175 

Clouds, 176 

Coalescence of liquid sidieres, 59 
Coated cathodes, 556 
Coated lenses, 363 
Cobalt 60 bombs, 746, 747 
Cochlea, 260 
Cockcrojt, Sir J. D., 712 
Coefficient of linear expansion, 133 
Coefficient of viscosity, 70, 602; measure¬ 
ment of, 71 

Coefficient of volume expansion, 136 
Cohesion, 53 

Coincidence co\mters, 752. 755 
Cold front. 177; light, 280 
Collimator, 370 
Colloid sol, 602 

Colloidal, 498; solutions, 64. 65 
Color, 372; analyses, 380; Idind, 350; 
blindness, 348; mixing, 375; of objects, 
378; photography, 377, 380; printing, 
376, 3S0; sensation. 348; subtractive 
method of color mixing, 375 
Colorimeters and their uses, 379; Duboscq 
type, 379 

Colors, addition of. 374; conqdementarv. 
349, 374; subtraction of, 374: synthetic, 
373 

Combustion, table of heats of, 144 
Comfort and health, biiihling for, 201 
Commutator, 529 
Compass, magnetic. 428 
Complementary colors. 349, 374 
Component method of .■iddiiiL" vc'ctors, 1. 
Components of sound. 263 
Compound micro<cop(‘. 331 
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Compressional waves, 209, 212, 218 
Compton, A. H., impact, 661; scattering, 
663, 666, 675; effect, 726, 743; electrons, 
677 

Concave lens, 318 
Concave reflectors, 272 
Concentration potentials, 605 
Concurrent forces, 16; component method 
of adding, 17 
Condensation, 169 
Condensers, 449; microscope, 335 
Conduction, of heat, 183, 197 
Conductivity of heat, measurement of, 
184; of skin, 198; table of, 186 
Conductors, electrical, 435 
Cones of retina, 345 

Conservation of energy, 99; of momen¬ 
tum, 90 

Consonants, 251, 263 
Constancy indicators, 673 
Contact angle, 54 

Continuous current, 459; spectrum, 372; 

wave output, 561 
Convection, 183, 187, 199 
Convection of signs for lenses, 318; of 
mirrors, 298 

Convergence of eyes, 343 
Conversion tables for absolute units, 763 
Convex spherical mirror, 298 
Coolidge, Dr. ir. D., 644, 645; x-ray tube, 
642, 643, 649 

Cooling bv expansion, 175; Newton’s law 
of, 191' 

Copper oxide rectifier, 553 
Cornea, 342 
Coronas, 368 
Corti. organ of, 258 

Cosmic radiation, 401; biological effects 
of, 758; penetrating component of, 755; 
soft component, 755 

Cosmic rays, 749; and earth’s magnetic 
field, 751; direction effects, 752; nature 
and properties of, 752; pair production 
by, 757 

Coulomb, Charles A., 424, 425, 438, 446, 
477, 631,722, 749 
Counter circuits and scalers, 690 
Counters, coincidence, 752, 755 
Couple, 23 
Critical angle, 306 
Crookes, Sir William. 570, 617 
Cross talk. 524 

Crystals, 566; polarization by, 410 


Curie, definition of, 700 

Curie, Madame Marie, 685, 699, 702; 

Pierre, 231, 685; Curie-Joloit, 735 
Current, alternating, 528, 540 
Current electricity, 456; measurement of, 
549; modulated, 523; solution of prob¬ 
lems in, 466; unit of, 461 
Cycles, 111, 528 
Cyclones, tropical, 179 
Cyclotron, Lawrence, 714, 715 

Dalton, John, 630 
Daniell cell, 459, 508 
Dark adapted eyes, 347 
Dark space, Crookes', 621; Faraday's, 
621 

D'Arsonval, Arsene, 3, 611 

Deafening effect, 277 

DeBroglie, Louis, 581; waves, 582 

Decay of radon, curve, 695; table, 704 

Decibel, 261, 274, 275 

Declination, angle of, 430 

Deep therapy, 654 

De Forest, Lee, 558 

Deltoid muscle, 30 

"De Magnette,” 433 

Dempster, Arthur J., 625, 637, 735 

Density, 47, 303 

Depolarization, 460; relation of action 
potential to, 606 
Depth dose, 680, 682 
Detection, 566 
Detectors, 566 
Detergents, 55 

Determination of the electronic charge, 
574 

Deuterium, 639 
Deuteron, 639 
Dew point, 169 
Dextrogyrate, 415, 417 
Diabetometers, 416 
Diagnostic x-ray equipment, 653 
Diamagnetic substances, 426 
Diamond, 307 

Diathermy, 611, 619; currents, generators 
for, 612; microwave, 614 
Dielectric constants, 438; table of, 450 
Diesel. Rudolph, engine, 146 
Diffraction effects in optical instruments, 
368: examples of, 367; grating, 369; of 
light, 363; of waves generally, 212 
Diffuse reflection, 294; factor, 287 
Diffusion of gases, 119; pump, 121 
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Dimensions of units, 81 
Diopters, 322 
Dip needle, 430 
Diphasic, 606 
Diplopia, 350 
Dirac, P. A. M., 756 
Direct current, 529; motors, 533-536 
Discharging property of pointed conduc¬ 
tors, 441 

Disintegrations by deuterons, by neutrons, 
and by protons, 728 
Dispersion, 310; \wweT, 310 
Distillation, fractional, 163 
Doinyler, Christian, 229; effect, 229; effect 
in light, 3S9 
Double refraction, 413 
Drive-in theaters, 272 
Dry cell, 459 
Dry ice, 155, 165 

DuNouv surface tension apparatus, 52 

Dushman, S., 649 

Dust whirls, 178 

Dyeing of fabrics, 379 

Dyne, 88 

Ear, external, 255; inner, 257; mechanism, 
264; middle, 262 
Eardrum, 256 
Earphones, 264, 524 

Earth’s magnetic field, 428; and cosmic 
rays, 751 
Ebonite, 434 
Echoes, 272; effects, 273 
Eddv currents, 520, 525, 537 
Edison, Thomas 234; dictophone, 234; 

effect, 555, 558 

Effect, Faraday, 418; Kerr, 418; Zeeman, 
418 

Einstein, Albert, 74; mass-energy equa¬ 
tion, 638; photoelectric equation, o90, 

591 ’ 

Elastic properties of solids, 33 
Elasticity, 33; modulus, 34 
Electric charges on conductors, distribu¬ 
tion of. 440; circuits, energy and power. 
465; currents, general properties and 
uses, 457; eel. 468; force on a single 
electron, 571; locomotive, 534; spark, 
441; wind, 443 

Electrical discharges in gases, 617; resist¬ 
ance. 461; stimuli. 523 
Electrified substances, 433 
Electrocardiogram. 609 


Electrocardiograph, 578 
Electrocardiography, 608 
Electrochemical equivalent of elements, 
table of, 502 
Electrodes, 498 
Electroencephalography, 610 
Electrolysis, 498; applications of, 508; 
Faraday’s law, 501; of hydrochloric 
acid, 499; of radioactive iron, 741 
Electrolytic action, harmful effects, 510; 

cell, 499; decomposition of water, 499 
Electromagnet, 236; uses of, 475 
Electromagnetic and particle radiations, 
production of, 458; induction, discovery 
of, 543; instruments, 471; spectrum, 
396, 397; waves, propagation of, 564 
Electromotive force, 527; back, 534; of 
generators, 527-529; self-induction, 518; 
series of metals, 508; table of, 508 
Electron beams and their uses, 570; dif¬ 
fraction, 101; gun, 718; micrograph, 585 
Electron microscope, 581; successes of, 585 
Electron-positron pair, 757 
Electron theory of matter, 434 
Electron tubes, 555; vacuum-tube recti¬ 
fier, 649 

Electron-volt, 573 
Electronegative, 636 
Electronic amplifiers, 264 
Electrophoresis, 602; experimental meth¬ 
ods of, 602 

Electrophoretic examination. moving 
boundary method, 603 
Electrophorus, 441 

Electroplating and electrodeposition of 

metals, 500, 509 
Electropositive, 635 

Electroscope, leaf, 436, 704; uses of, 437 
Electrostatic field strength, 438; force be¬ 
tween charges, law of, 437; force line>, 
438; generator. Van de Oraaff, 441; 
f'cnerator, Wimshurst, 441; induction, 
439; series, 434 

Electrostatics, 433; quantitative aspects 
of, 446 

Electrosurgery, 613 
Electrotherapist, 523 

Electrotherapy with high-frequency field, 

524 

Electrotxqie, 509 
Emanation, 700 

Emission, spectral, 3 n 5: thermionic, 556 
Emissitivity. J9Q 
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Emulsion, 58 
Endoscopes, 338 

Energy, 97; binding, 735; conservation 
and transformation, 99; considerations 
in regard to radioactive substances, 695; 
electrical, 491, 536; kinetic, 97; levels 
in hydrogen atoms, 391; mechanical, 
145; of charged capacitors, 452; poten¬ 
tial, 97 

English units, 6, 42, 88, 89 
Enzymes, 65, 417, 604 
Equilibrium of forces (balanced forces), 
23, 24; radioactive, 694 
Erg, definition of, 96 

Errors, 9; accidental, 10; biological appli¬ 
cations, 10; constant, 9; probable, 10 
Erythema, 404, 676 
Esophoria, 350 
Eustachian tube, 256 
Evaporation and body temperature, 199; 
applications and practical considera¬ 
tions, 161 

Excited states, 392 
Exophoria, 350 

Expansions and contractions, 176 
Ex])oncntial curves, 664 
Exposure meters, 285, 596 
Extraordinary ray, 413 
Eye, common defects of abnormal, 351; 
magnet, 431; optical qualities, 342-343; 
sensitivity, 347, 506 
Eyepiece, 334 

Fahrenheit, Gabriel D., 126 
Falling bodies, 79 
Farad, 453, 763 

Faraday. Michael. 3, 426, 520; collector, 
627; ice-pail experiment, 440; electro¬ 
magnetic induction, 413, 517; laws of 
electrolvsis, 501; work on electrolvsis, 
574 

Faraday, the, 502, 576 
Farsightedness, 351 
Fat, subcutaneous, 198 
Feather. N.. 722 
Ferromagnetic substances, 426 
Fetus, 46 

Fevers, artificial, 200 
Filament transformer, 646 
Films, color, 353; light interference, 358- 
363; sound track. 594 
Filter, electrical. 558; optical, 377 
Filtration of air, 203 


Fission, 729; phenomenon of, 735; prac¬ 
tical importance, 735 
Fleming, Sir John A., 566; diode, 566; 

thermionic valve, 556, 558 
Fletcher^ Harvey, 263 
Floating bodies, 45 
Fluorescence, 650, 653, 686 
Fluorescent lamps and radiations, 407; 

screens, 581, 597 
Fluoroscope, 651, 708 
Flux, light, 284-286; magnetic, 475 
Focal length of lens, 316; of mirror, 295 
Focus-skin distance, 682 
Foot-candle, 284; meter, 285 
Foot-lambert, 287 
Foot-pound, 96 
Foot-poundal, 98 

Force, 17; and motion, 87; applications 
of, 92; buoyant, 45; centrifugal, 106; 
centripetal, 106; on a current in a mag¬ 
netic field, 477 
Forced vibrations, 224 
Forces, acceleration, 87; adhesive, 53; and 
motion, solution of problems, 92; appli¬ 
cations of, 23; cohesive, 53; in equi¬ 
librium, 24; units of, 89 
Fore-pump, 121 
Fountain pen, 57 
Fovea centralis, 343 
Frank'lin. Benjamin, 3, 434, 443 
Fraunhofer. Joseph von, 310; lines, 389 
Freezing of living tissues, 154; of solutions 
and of mixtures, 153 

Frequency, 111, 191, 268, 277, 391, 591, 
611, 612; intermediate, 567; modula¬ 
tion, 562; ranges of various voices, 254 
Fresnel, Augustin. 356, 361; biprism, 356; 
experiment, 357; interference patterns, 
357; zones, 366 

Friction, 100; coefficient of sliding, 100; 

of starting. 100; rolling, 101 
Fringes, interference, 357 
Front, cold, 177 
Fuses, electrical, 491 

Galileo, Galilei. 79, 87, 110; eyepiece, 338 
Galvani, Luigi, 3; discovery, 456 
Oalvanometer, 479 

Gamma, photon, 689; radiation, 683, 689; 

radiation from the radi^im series, 608 
Gas constant, 138 

Gaseous conduction of electricity, nature 
of, 617 
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Gases, diffusion of, 110; kinetic theory of, 
118; liquefaction, 105; specific heats of, 
146; velocity of sound in, 212 
Gas-filled phototubes, 623; radio tubes, 
622; x-ray tubes, 642 
Gastrocnemius muscle, 25 
Geiger, //., 630 

Geiger Mueller counter, 678, 680, 600, 739, 
743, 745 

General Electric Company, 640, 733 
General x-radiation, 658; explanation of, 
660 

Generator rule, 516 

Generators, 527; compound wound, 533, 
d-c, 533; principles of, 527; series- 
wound and shunt-wound, 533 
Germicidal lamp, 406 
Gibbs-Thomson princijde, 58, 59, 66 
Gilbert, William, 3, 433 
^Glare^ 286 

Glass, non-reflecting, 362 
Glosser, Otto, 4 
GoMstehi, E., 617. 621, 622 
Graham's law, 123 

Gram of force, SS; of mass, 88; roentgen, 
678 

Grating, diffraction, 368 

Gratz full-wave x-ray circuit, 648 

Gravitational svstem of units. 88 

% 

Gravity, center of, 20, 26; specific, 47 
Greek alphabet. 763 
Grid, 558; leak. 561 
Ground-wave, 565 

Growth and decay curves for active de¬ 
posits of radium, 605 
Guericke, Otto von, 120, 433 


Hahn anrl .^trnssmann, 736 
Half-life. 601 

Half-value period. 601, 603 
Half-wave quartz, 417 
Hammer, 256, 264 
Hammond organ. 241 
Hardwall plaster, 270 
Hardv plants, immunity of, 154 
Harmonic-, 241, 244 

Health anil air cnnditioninir. 205; in rela¬ 
tion to weather and climate, 180: rela¬ 
tive* humidity and, 203 
Hearing loss, 263; range, 263; si)eech and, 
240 

Heart, 100 


Heat and mechanical energy, 147; con¬ 
ductivity, practical aspects of, 185; 
exchanges, law of, 100; mechanical 
equivalent of, 144; of combustion, table 
of, 144; of fusion, 150; of fusion of ice, 
experimental determination of, 155; of 
vaporization, 164; of vaporization, table 
of, 164; producing organs, 100; produc¬ 
tion and elimination, 106; quantitative 
aspects of, 140; radiation, 103; si)ecific, 
140; units of, 140 

Heating effect of an electric current, 457, 
491 

Heavy water, 639 
Ilelicotrema, 258-259 
Helmholtz. Hermann L. F., 258, 344 
Hemoglobin content, 370 
Henderson and Moran, 700 
Henry, Joseph, 517, 543; the, 518 
Hertz. Heinrich R., 571, 589 
Hess. 749 

Hibbert balance, 423 
Hibernating animals, 107 
High-energy particles, means of producing, 
711; miclear sources of, 720 
High i)ressure, 176 
Historical aspects of jdivsics, 3 
Hittorf, ir.. 570, 617 
Hooke. Robert, 34; law, 34 
Hormones, 604 
Horsepower, 99 
Hospital, operations, 204 
Human body, problems based on, 28 
Humerus, 27, 30 
Humidifiers, 201 
Humidiguide, 172 

Humidity. 160, 204; absolute and relative, 
160. 171; relative and health, 203 
Hurricane, 170 

Huygen, Christian. 212; evepiece. 334, 
338; i^rinciple. 212, 213, 202, 365, 360 
Hydrodynamics, 41 

Hydrogen-ion concentration, 378; deter¬ 
mination of. 400 
Hvdrometer, 47 
Hydrophilic, 67 
Hydrophobic. 67 
Hydrostatic pressure, 44 
TTyclrostatics. 41 
Hvdrotherapy. 3, 46 
Hvgroineter. wet and dry bulb. 172 
Hvpermetropia. 351 
llvperopia, 345 
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Iceland spar, 413 

Iconoscope, 597 
Ignition magnetos, 528 
Illumination, dark-field, 335; of a body, 
defined, 283; measurement of, 283; 
recommended, 288 
Image, real, 295; virtual, 295 
Images, acoustical, 267; of sources of 
sound, 267; produced by lenses, 318, 
319; produced by mirrors, 293-295 
Impact, 90-92 
Impedance, 544 
Impulse, 89 

Incidence, angle of, 214 
Inclined plane, motion on, 82 
Index of refraction, definition, 303; ex¬ 
perimental determination of, 300; of 
eye, 343 

Indices of refraction, table of, 313 
Induced currents, 543; emf, magnitude of, 
516 

Inductance, 545, 548 

Induction, coil, 521, 524; magnetic, 425; 
mutual and self, 517; telephone, 523; 
therapeutic usefulness, 523 
Inductive resistance, 543 
Inductor, 558 
Inductothermy, 524 
Industrial radiology, 669 
Inertia, 91 
Infant, 198 

Infrared, 280; in direct vision, 398; in 
photography, 398, 400; medical applica¬ 
tions of, 397; other applications of, 398; 
sources of, 395; spectrographs, 400 
Insulation, 203 

Insulators, electrical, 435; heat, 188 
Integrating meters, 678 
Interfaces, 60; adsorption of gases on 
gaseous-solid, 62; liquid-gaseous, 50, 54; 
liquid-liquid, 50, 54 

Interference effects, 273; in thin films, 358; 
of light waves, 356 

International Bureau of Weights and 
.Measures. 7; Congress of Radiology, 
676; Committee of Weights and Meas¬ 
ures, 283; pitch, 244 
Inverse square law, magnetic poles, 423; 
electrostatic charges, 438; light sources, 
284 

Inversion, 640 
Inverters, 624 
Iodine in thyroid, 741 


lodopsin, 348 

Ionization chamber, 618, 679, 682; thim¬ 
ble-type, 681 

Ionization, electrolytic, 459; of gases, 673„ 
674; potentials, 636 
Ionizing power, 686 
Ions, 498 
Iris, 342 
Isobars, 639 
Isogonic map, 430 
Isomers, 417, 639 

Isotopes, chart of, 733; defined, 625; de¬ 
tected by mass spectrometer, 627; 
occurrence and nature of, 636; separa¬ 
tion of, 639 

Johns, H. E., 682, 746 
Joliot-Curie, M. and Mme., 726, 735 
Joule, James, 144; the, 96 

K discontinuity, 680 

Kelley-Koett Manufacturing Company, 
x-ray equipment, 651 
Kelvin, Lord, temperature scale, 127 
Kennelly-Heaviside layer, 565 
Kenotron, 649 
Kerst. D. IC., 717 
Kilocalorie, 140 
Kilowatt-hour meter, 536-537 
Kinematics, 79 
Kinescope, 597 

Kinetic energy, 97; theory of gases, 118; 

theory of liquids and solids, 124 
Kirchhoff, Gustav R., 190; law, 190 
Kite experiment, 443 
Koenig, Rudolphe, 234; apparatus, 234 
Kolhoerster, W., 749 
Krusen, Frank H.. 4 
Kundt, August A. E., 218; method, 218 

Laminated core, 521, 530, 532 
Laminations, 525 

Lamps, daylight, 378; fluorescent, 407; 

sterilizing, 406; vapor, 407 
Land. E. H., 411 
Langmuir, Irvinfj, 60, 556 
Laplace, Pierre de Marquis, 47;M74 
Larynx, 249; artificial, 253 
Laue. Max von, 658; diffraction, 656 
Law of conservation of energy, 145 
Lau'rence, ErneH 0.. 715; cyclotron, 714^ 
and S>loan, 713 

Laws of physics are universal,-2 
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Lead shield, 700 

Lemon, Harvey, 63 

Lenard, Philipp, 571, 631 

Lengths, instruments for measuring, 7; 

standards and units of, 7 
Lens, defects, 324; eye, 342; formulas, 
derivation of, 317; resolving power of, 
332 

Lenses, 311, 316; combinations of, 322 
Lens-maker’s formula, with applications, 
320 

Lenz, H. E. F., law, 475 
Leukemia, 746 
Lever, 20-30 
Levogyrate, 415, 417 
Leyden jar, 450 

Light, and illumination, 280; dispersion, 
310; emission, mechanism of, 391; flux, 
2S4; interference,356; rectilinearpropa- 
tion of, 282; reflection and refraction, 
292, 303; sources of, 280, 393; velocity 
of, 2S0; waves, transverse nature of, 409 
Lightning, 619; discharge, 443; rods, 443 
Linear accelerator, 712; expansion, appli¬ 
cations of, 134; expansions of solids, 
133; coefficient of, 133; motion, 80 
Lines of force, electrical, 438; magnetic, 
425 

Liquids, pressure, 42; viscosity of, 70 

Local action, 461 

Logarithm, 261; tables, 764-767 

Longitudinal waves, velocity of, 212 

Loud speaker, 264, 266, 268, 594 

Loudness of sound, sensation of, 261-263 

Low pressure, 176 

Lubrication, 101 

Lumen, 284 

Luminance, 287 

Luminovis flux, 283, 286 

Lyman, Theodore, 390; spectral scries, 300 

Magnesia) 422 

Magnetic effects of an electric current, 
457, 471 

"Magnetic equatorial region, 429 
^lagnetic field, about permanent magnets 
423; about the earth. 428; associated 
with coils. 471; force on a current in, 
477; resultant, 425; strength, 424 
Magnetic flux, 551; force, lines of, 425; 
force on a .'■ingle electron, 571, induc¬ 
tion, 475; lenses, 583, 584; moment, 
428; iier[neability, 426; poles, laws of, 


423; shielding, 428; storms, 620; sub¬ 
stances, permeabilities of, table, 427; 
surveys, 431; torque, 428 
Magnetism, 422; molecular theory of, 426 
Magnetization curve, 475 
Magneto, 527, 528; ignition, 528 
Magnets, types of, 422 
Magnification, 332 
Magnifier, simple, 330 
Major diatomic scale, 244; tetrad, 244 
Malignant growth, 676 
Manometer, 43, 46; mechanical, 44 
Marconi, Guglielmo, 555, 589 
Marine eggs, 60 
Marsden, E., 630 

Masking of one sound by another, 277 
Mass, 17, 88, 91; center of, 26, defect, 
637; standard, 6; variation with ve¬ 
locity, 716; versus weight, 88 
Mass-spectrograms, 625; -spectrometer, 
639; -spectrometer, applications, 627; 
spectrometry, 617 
Materials, strength of, 38 
Mathematical formulas or equivalents, 702 
Matter, states of, 150 
Maxwell, J. Clerk, 555 
McLennan and Burton, 749 
Measurement of intensity of sources of 
light and of illumination, 283 
Meatus, 255 

Mechanical equivalent of heat, 144; power, 
99; refrigerators, 146, 166 
Mechanics applied to human body, 24; 

introduction to, 13; of the ear, 255 
Medical radiography, 671 
Melting point, 150; influence of pressure 
changes on, 151 

Melting points and heats of fasion, table 
of, 151 

Membrane potential, 605 
Mercury spectrum, 401 
Me.^ons, 753-754 
Metabolism, 143, 628 
Meteorology, 169 
Meter, 465 
Metric units, 6, 762 
Michelson, Abraham. 281, 350 
Microelectrophoretie method, 602 
Micrometer caliper, 7; microscoj)e, 7 
Microradiography, 070 
Microscope, centrifiiee, 106; etanpouml. 
331; condensers. 335; electron. 581- 
587; micrometer, 7; special for biology 
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and medicine, 336; traveling, 8; two- 
objective, 337 
Milk, homogenized, 232 
Miller, Da\jto7i C., 237 
Millicurie, 699 

Millikan, Robert A,, 555, 591, 749, 750, 
766; determination of “e,” 76; oil-drop 
method, 574-575 
Minometer, 678 
Mirage, 303, 565 

Mirrors, concave, 294, 299; convex, 299 
Mks system of units, 763 
Moderator, 737 

Modulated current, 523; incoming waves, 
566 

Modulation, 252; amplitude, 562; fre¬ 
quency, 562 

Modulus of elasticity, 34; of rigidity, 34; 
Young’s, 35 

Molecular attraction, 354; velocities in 
gases, 122 

Moment, magnetic, 42S; of forces, 20, 21; 
of inertia, 115 

Momentum, 89; angular, 104; conserva¬ 
tion of, 90 

Monochromatic x-radiation, 665 

Monochromator, constant deviation, 384 

Monophasic, 605 

Morrison, A., 753 

Moseley. Henry G. J., 659 

Mosquito larvae, 60 

Motion, accelerated, 80; angular, 103- 
104; harmonic, 110; inclineci plane, 82; 
linear, SO; picture projector, 328; of 
projectiles, 83-85 
Motor rule, 477 
Motor-generators, 552 
Motors, 527; direct current, 533-536; in¬ 
duction. 531-533; synchronous, 537 
Mt. Polomar, 369; telescope, 338 
Mt. Wilson, 369 

Muscles, 147; efficiency of, 147; skeletal, 
523 

Musical scale, physical basis of, 244; 
tones, 223 

Mutations, by x-radiations, 675 
Mutual induction, 517-519; coefficient of, 
518 

Myopia, 352 

Nasal cavity, 251 

X.'itural radioactive atoms, 723 

Ncar - iioint , 344 


Nearsighted person, 345, 352 

Negative, photographic, 328; terminal, 465 

Negatron, 688 

Neon signs, 552 

Neutrino, 689 

Neutron, as a constituent of the nucleus, 
636; Chadwick’s discovery of, 726; dis¬ 
integration by, 728 

Neutrons, cross sections of nuclei wdth 
respect to the capture of, 731; fast, 731; 
slow, 731 

Newton, Sir Isaac, 87; disk, 374; law of 
cooling, 191; rings, 360; three laws of 
motion, 89 
Nicol prism, 413 

NicolL F. H.. method of coating glass, 361 
Mer, A. 0., 625 

Nobel prize in Phvsics, 510, 591, 716, 727, 
749, 756 

Nodes and antinodes, 216, 218 

Noise, 223; level, 275; problem, 274; 

problem, physical aspects of, 275 
Nonconductors, 435 
Non-inductive, 519 

Normal electrode potential, 507; eyes, 
optical defects, 351 

Nuclear disintegrations, energy relations 
in, 731; fission, 729 

Nuclear physics, abbreviated notation of, 
725; practical applications of, 735; 
symbols and equations of, 724; trans¬ 
mutation of the elements, 722; trans¬ 
mutations, general principles related to, 
724 

Nucleons, 686, 723 
Nucleus of atom, 631-636 
Nuclides, 738; chart of, 733 

Objective lens, 332—334 
Ocular, 334 

Oersted, Hans Christian, 424, 474; the, 
424 

Ohm, Georg Simon, 462; the, 462; law, 
461 

Oil drop experiment, 574, 575 
Oil immersion lens, 333 
Oj)crating room, 204 
Ophthalmoscope, 352, 353 
Optical axis. 413; instruments, 327; py¬ 
rometer. 130: rotation, 41.>417 
Optically active, 415 
Ordinary ray, 413 
Or 2 :an of Corti, 258 
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Organs, vocal, 249 

Oscillator, 262, 562, 563; relaxation, 623 
Oscillograph, cathode-ray, 238; two-beam, 
578 

Oscilloscope, cathode-ray, 541, 576 
Orthicon tube, RCA image, 599 
Overtones, 241 
Oivens law, 663 


Packing fraction, 735 

Pair production, 732; bv cosmic ravs, 757, 
758 

Palladium tube, 701 
Parabola, 301 
Paraboloid, 301 

Parallel connections, of capacitors, 452; of 
resistances, 464; of voltaic cells, 466 
Parallel forces, resultant of, 22; plates, 
capacitance of, 448 
Paramagnetic substances, 426 
Pascal, Blaise, law, 41 
Paschen, Friedrich, series, 390 
Patella, 26 

Peltier, Jean C. A., effect, 496 
Pendulum, 134, 225 
Percussion, 219 
Perilymph, 257 

Period in wave motion, 209; of vibration, 
111 

Permanent magnet, 423, 427; electric 
meters, principles of, 478 
Permeability, 424 
Perrin, Jean, 571 
Persistence of vision, 347 
Personnel, protection of, 707 
Phantom, 681 

Phase, 111, 208; relations in a-c circuit^, 
549-550 


I’honodeik. 237 
Phonograph, 234 
Photelometer. 379 
Photoconduetive cells, 591, 
Photodisintegration, 729; 

732 


596 

of (leiitiTium, 


Photoela^ticity. 418 

Photoelectric, absorption ot x-rays, 663; 
action, 592; cell. 591; eells anil their 
applications 591; cells, clinical uses of, 
594; cells, laboratory uses of, 594; 
effects. 589, 599; emission, 590; heino- 
gloi)inoinefer. 595; reproduction of 
sound, 593 


Photoelectrons, 589 
Photograi)hic camera, 327 
Photography, color, 380 
Photometer of Bunsen, 284 
Photomultiplier tubes, 595 
Photons, 192 
Photoreceptors, 349 
Photosynthesis, 628 
Phototube, 591; gas-filled, 623 
Photovoltaic cells, 591, 595 
Phvsical aspects of bioelectric phenomena, 
601 

Physical constants, list of, 761 
Phvsical therapv, 98 
Pickup, E., 753* 

Pigmentation, 676 

Pile, atomic, 738; voltaic, 456 

Pinna, 255 

Pisa, 79, 87, 110 

Pitch, 223 

Planck, 4/a.r. 192, 391, 591, 633 

Plane mirrors, some practical uses of, 293 

Plane of vibration, 412 

1‘lanimeter, 8 

Plastic substances, 153 

Plutonium, 737 

Poises, 71, 76 

Poiseuille, Jean L. M., 71 

Polarimeter, 416 

Polarization bv crvstals, 410; bv reflec- 
tion, 411; by scattering. 414; in elec¬ 
trolysis, 459; of light, 409; relation of 
action potential to, 600; rotation of 
plane of, 415 

l*oIarized cells, 459; light, applications of, 
418; molecules, 57, 67, 602 
Polarizer of light waves, 410 
Polarizing angle, 413; microscope, 419 
I’olaroid, 411; glasses, 410 
Polyphase generator, 531; currents, use 
of, 533 
Pooling, 107 

Positive electricitv. 434; ions, 625; ra\s, 
622,624; terminal, 465 
Positives, 328 

1‘ositron. 688; discovery of, 7.56; -electron 
j)air, 755 
Postures, 148 

Potential action. 605; bioelectric, 604; 
concentration. 605; contact or diftu'ion. 
605; difference’, calculation ol, 44t>: 
energy. 97: energy of a cliarged capaci¬ 
tor, 452; “lull,” 032; iiieiulirane, GOo; 
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normal electrode, 507; single electrode, 
506; well, 633, 723 
Potentials, considerations of, 504 
Potentiometer, 4S8, 494 
Potter-Buckij diaphragms, 667 
Poundal, SS 

Power, 09; in a-c circuits, 549; electrical, 
536; factor, 550; measurement of, 549; 
of electrical current, 491; pack, 558; 
production, transmission and utilization, 
458; requirements for speaking, 253; 
requirements of generators, 52S; tubes, 
622 

Precautions in use of electrical instru¬ 
ments, 482 
Presbyopia, 345 

Pressure, 42; and density, table of, 170; 
cookers, 161, 162; critical, 165; gas, 
121; of saturatetl vapors, 158-159 
Pressures, partial, 123 
Prevost's law of exchanges, 190 
Primary colors, additive, 374; subtractive, 

375 ' 

Principal axis, 205; focus, 205 
Prism, dispersion, 310; total reflecting, 
306-307 

Projectiles, motion of, 83-84 
Projection of sound waves, 237 
Projector for motion pictures, 328; for 
slide, 329 

Protection of personnel, 707 
Proton, 636, 728 

Protons and neutrons in nuclei, table of, 
727 

Pulley, 26 

Pump, diffusion, 121 
Pyrometer, optical, 130; radiation, 130 
Pvrometrv, 129 
Pupin, Michael, 548 

Quantum theory, 192 

Quartz crystals, 415, 563; fiber-tyjie elec¬ 
trometer, 703; half-wave plate, 417 

Radar, 579 

Radian, 103 

Radiation, 183, 180; annihilation, 757; 
gamma, 680; of heat, laws of, 190; sec¬ 
ondary X- or y~, 689 

Radio receivers. .567; transmitters, 563; 
waves, detection of, 566; waves, recep¬ 
tion of. 567 

Radioactive cobalt, 747; dust, 700; ele¬ 


ments artificially produced, table of, 
740; equilibrium, 694; isotope, 744; 
isotopes, measurement of, 742; isotopes, 
physical aspects of importance in the 
use of, 739; isotopes, therapeutic uses 
of, 745; phosphates, 743; sodium, 743; 
substances, artificial, 729; substances, 
hazards in the use of, 747 
Radioactivity, laws and constants, per¬ 
taining to, 691; measurement of, 702; 
natural, 685; nature of radiations, 685 
Radiography, medical, 671 
Radioresistant, 683 
Radiosensitive, 675 
Radiosensitivitv of cells, 675 
Radium, 4.37, 6S7: C', 702; dosage, 706; 
needles, 706; therapy, 708; therapy, 
ph>'sics of, 698 

Radon, 603; decay tables, use of, 704; 
implants, 706; plant, 700, 708; sources, 
preparation of, 700; use of, 699; various 
modes of utilizing, 705 
Rainbows, 308 
Ramsden eyepiece, 334 
RCA, 583; orthieon tube, 599 
Reactance and resistance in parallel, 547; 

capacitive, 544; inductive, 543 
Reaction, 90; chain, 736 
Receiver, radio, 567; television, 597-598 
Recording of sounds, 2.34 
Recovery of cells, 676 
Rectifiers, thermionic vacuum-tube type, 
557, 646, 640; various other types, 533 
Rectigon, 553 

Rectilinear propagation of heat waves, 
189; of light waves, 282 
Reference circle, application of, 112; sim¬ 
ple periodic motion, 112 
Reflection by a plane mirror, 292; of heat 
radiation, 189; of light, 202; of sound, 
266; of waves in wires or in tubes, 215; 
polarization by, 411—413 
Reflectivity for ultraviolet light, 403 
Reflectors, concave, 272; total, 306 
Refraction and reflection of waves, 214; 
at a plane interface, 303; by prisms. 
309-311; change in apparent thickness 
due to, 305; double, 413; in a medium 
of varying optical density, 303; index 
of, 214, 303; index of, table of, 313; of 
heat radiation, 189; Snell’s law of, 214, 
303 

Refractometers, 311-313 
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Refrigerants, 607 

Refrigeration, 165; in surgery, 167 
Refrigerators, mechanical, 146 
Regelation, 152 

Relative humidity, 169; measurement of, 
172; table of, 173 
Relativity, theory of, 680 
Eentscliler, //. C., 406; meter, 592, ultra¬ 
violet light integrator, 623 
Reproduction of sounds, 234 
Resistance measurements bv ammeter- 
voltmeter method, 4S6; of combinations 
of resistors, 463; specific, 463; tempera¬ 
ture coefficient of, 463; thermometers, 
494; variations with temperature, 463 
Resistivities of conductors, table of, 463 
Resistors, 462; in parallel and in series, 
464; use and limitations, 492; variable, 
485 

Resolving power of lenses, 332; of micro¬ 
scopes, 334 

Resonance, 115, 225, 249, 252; chambers, 
251; circuits, 246, 561; tube, 226 
Retina, 345 

Reverberation, 235, 266, 268, 272, 274 

Rheostat, 462 

Rhodopsin, 347 

Richardson. 0. W., 556 

Rigidity, modulus of, 34 

Rochon prism, 413 

Rods of retina, 345 

Roentgen, William K., 555, 589; “r” unit, 
676 


Romer, Ole, 280 
Root mean square, 542 
Rotary converters, 552; motion, 103 
Rotation of plane of polarization, 415; 

applications of, 416 
Round window, 264 

Royal Observatory at Greenwich, Eng¬ 
land, 7 

Rule of signs for lenses, 310; for mirrors. 


298 

Rutherford. Lord. 685, 688, 712, 728, 740; 
experiments, 630, 732; and Bohr atom, 
633, 638, 661; and Soddii. 601 
Rydberg, Johannes R., 300 


Sabin, 260 

Sabine, 11'. 6',. 260; formula and its appli¬ 
cation, 26!t 
Saccharimcicr^. 417 

Satiiratcd vapor ])re.-<ure, dependence on 


substance and on temperature, 159; 
variation in the pressure of, with tem¬ 
perature, 161 

Saturated water vapor, table of, 170 

Saturation current, 617 

Savart. Felix, disk, 223 

Sawtooth potentials, 678 

Scala tympani, 258 

Scalar quantities, 14, 80 

Scale, equally tempered, 246; mvisical, 245 

Scalers, 690 

Scales, temperature, 126 
Scanning, 578 

Scattering of light, 414; of x-rays, 663, 666 
Scintillations, 688; of crystals, 743 
Secondary electrons, emission of, 661 
Seebeck, Thomas J., 492; effect, 492 
Selectivity of receiver, 568 
Selenium cells, 597 

Self induction, 517; coefficient of, 518-510 
Seinipermeable tissues, 605 
Series connections of capacitors, 452; of 
resistors, 464; of voltaic cells, 457; 
emf of certain elements, 508; radio¬ 
active, 691; spectral, 391 
Shell, 634 

Shields, electrostatic, 439 
Shock absorber, 26 
Shock-proof x-ray equipment, 650 
Shower, co.«mic rav, 755, 756 
Shunt, 481, 482 

Simple period motion, 110; definition of 
terms, 111; general considerations re¬ 
garding, 110; graphical representation 
of, 113; illustrations of, 110; reference 
circle, 112; solutions of problems, 115; 
special cases of, 114 

Simple voltaic and other primary cells, 458 
Single-electrode potential, 506 
Siren sound, 223 
Skeleton, 36 

Skin burns bv x-ravs, 665 
Skip distance, 565 
Sky, color of, 414 
Sky-wave, 565 
Sloan and Lawrence, 713 
Slug, SO 

Snell. Willcbrord. law of refraction. 214, 
303, 413 

Snap bubbles, 51, 58; film, 51 
Soddy, Frederick, 025 
Sodium light, 378 
Solar si)cctrum, 388 
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Solenoid, 474 
Soprano, 254 

Sound, harmonics, 241; levels and their 
measurement, 261; quality of, 241; 
spectrum, 241; speech, 253; track, 594 
Sound waves, 222; analysis of, 238; beats 

and beat-notes, 228; condensation, 226; 
fundamental, 217, 226; projection of, 
237; rarefaction, 226; recording of, 235- 
238; reflection of, 214; resonance, 224; 
sources of, 222; sympathetic vibrations, 
225 

Soundproof, 274 

Sounds, musical, synthesis of, 241 
Space charge, 556 
Sparks, electric, 618 
Speaker, in auditorium, 267 
Speaking, power requirements for, 253 
Specific gravity, 47; heats of gases, 146- 
147; heats of solids and of liquids, 140; 
resistance, 463; rotary power, 415; ro¬ 
tatory powers, table of, 417 
Sjiectra, atomic, 389; continuous absorp¬ 
tion, 386; line absorption, 387; line 
emission, 385; molecular, 300; types of, 
385 

Spectral analysis, 392; biological and clin¬ 
ical applications of, 392 
Spectrographs, 382-383; mass-, 62.5-628 
.Spectrometer, constant deviation, 384; 

prism, 369 
Spectroscopy, 382 

Spectrum, aurora, 620; continuous, 372; 

solar, -388; sound, 241; reflection, 294 
Speech and hearing, 249; sounds. 253 
Speed, angular, 103; average and variable, 
80 

Spherical aberration, 324; conductors, ca¬ 
pacitance of, 448; mirrors, practical uses 
of, 299 

Sphygmomanometers, 43 
Spinthariscope, 688 
Squirrel-cage motor, 531 
Stabilizers, 622 

Standard cell, 489; spheres, 619 
Standing waves, 273 
Statcoulomh, 438 
States of matter, 150 

Static, 4.39; electricity, 4.34; machines, 646 
Statics, 26; solutions of problems in, 26 
Stearic acid, 67-68 
Stefan. Joseph. 190; law, 190 
Stereoscopes, 3.50, .382 


Stereoscopic pictures, 419; vision, 337 

Sterilamp, 406 

Stethoscope, 219 

Stirrup, 256, 258, 264 

Stokes, Sir George, 76; law, 75, 77, 602 

Stop-consonants, 252 

Storage cell, 505 

Strait, L. A., 29 

Strassmann, Fritz, and Hahn, 0., 736 
Strength, crushing, 38; of materials, 38; 
of materials, table of, 38; of solids, 33; 
tensile, 38 

Stress and strain, 33 
Strings, vibrating, 216 
Strontium in bone, 741 
Stuhlman. Otto, 348 
Sturgeon, William, 529 
Subcutaneous fat, 198 
Sublimation, 155 

Substances, capillary-active, 59, 65 
Sun lamps, 408 
Sunset, color of, 414 
Sunspot, 431; activity, 620 
Superheterodyne receiver, 567 
Supersonic, 2.30 

Surface tension, 50; DuNouy apparatus, 
52; electrical effects, 57; energy consid¬ 
erations, 51; Gibbs-Thomson principle, 
.58; industrial processes, 58; influence 
of temperature on, 55; interfaces, 53; 
molecular explanation of, 50; other ap¬ 
plications of, 60; pressures in drops and 
in bubbles, 56 
Surfaces, ageing of, 57 
Surgery, refrigeration in, 167 
Sympathetic vibrations, 225 
Synchro-cyclotron, 716 
Synchronous generator, 597 
Synchrotron, 720 
Synergists, 26 
Synovial sheathes, 26 
Synthesis of musical sounds, 241 

Table of, abbreviations, 762; absorption 
coefficients of biiilding materials, 271; 
artificial radioactive substances, modes 
of disintegration, 7.30; atomic weights 
international, 769; boiling points, 104; 
chemical and electrochemical equiva¬ 
lents of elements, 502; coefficients of 
linear expansion, 1-34; coefficients of 
volume expansion, 1.36; conversion units 
or constants, 76.3; dielectric constants, 
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450; emf series of certain elements, 
508; electronic structures of atoms, 634; 
frequencies of certain musical scales, 
246; heats of conductivity, 186; heats 
of combustion, 144; heats of fusion, 151; 
heats of vaporization, 164; illumination 
requirements, 288; indices of refraction, 
313; logarithms, 764r-767; magnetic 
permeabilities, 427; major diatomic 
scale, 245; mass-absorption coefficients, 
666; mathematical formulas of equiva¬ 
lents, 762; miscellaneous units, 762; 
melting points, 151; nuclear disintegra¬ 
tions of various types, 729; physical 
constants, 761; protons and neutrons in 
certain elements, 727; radioactive ele¬ 
ments, artificially produced, 740; ra¬ 
dium series, 692; radon decay, 704; 
refractive indices, 313; relative humid¬ 
ity, 173; resistivities of conductors, 463; 
saturated water vapor pressure, 170; 
sound or noise levels, 276; specific heats, 
141; specific heats of certain gases, 147; 
rotatory powers, 417; strength of ma¬ 
terials, 38; surface tension, 53; ther¬ 
mal conductivity, 186; uranium-radium 
series, 692; velocities of sound, 223; 
viscosity, coefficient of, 73; x-ray emis¬ 
sion lines, 662; Young’s modulus, 35 
Tolemicroscope, 437 

Telephone induction, coils, 523; magnetos, 
528; transformers, 523; transmitters, 
523 

Telescopes, 337 

Television, 377, 597-599; camera. 597 
Temperature, 126; coefficient of resist¬ 
ance, 463; critical, 165; scales, 126 
Temperature-control mechanism, 19S 
Temperature regulating mechanism, 204- 
205 

Tendon, 26, 29 
Tenor, 254 
Tensor tympani, 256 
Tesla, Nikola, 3, 611 
Thales, 433 
Thallium sulfide, 597 

Therapy, climatic. IS]; electric shock.614; 

equipment, 653; short-wave. 613 
Thermal conductivitv. coefficient of. 1S4; 
eonductivifies, talile of. 1S6; exitansions. 
133; expan'ion, method of mea'iirinj:. 
136: expaiiMoii of ca-e'. 137; expansion 
of surtac<“- and of volume. 135. exjian- 


sion of water, 137; neutrons, 736; units, 
140 

Thermionic emission, 555, 556 
Thermocouple, 129 

Thermoelectric, 129; effect, 492, 495; 

force, 492; thermometer, 493 
Thermometers, clinical, 127; resistance, 
494; special, 128 
Thermometry, 126 
Thermopile, 495 
Thermostats, 130 
Thode, H. G., 625 

Thomson, Sir J. J., 555, 572, 617, 624, 625, 
630, 631; cathode-ray tube, 576; deter¬ 
mination of the ratio, e/m, for electrons, 
573 

Thoriated tungsten, 556, 557 

Three laws of motion, Newton's, 89 

Three-phase system generator, 532 

Threshold, hearing, 263; frequency, 590 

Thunderstorms, 178 

Thyratrons, 623, 624 

Tobacco virus, 587 

Tornadoes, 179 

Torpedo fish, 468 

Torque in kw-hr meters, 537 

Total reflection, 306-308 

Toxins, 65, 200 

Trabeculae, 37, 38 

Tracers, the use of isotopes as, 738 

Trajectory, 84 

Transference of heat, methods of, 183 
Transformation constant, 692; theory, 691 
Transformer, 550, 646 
Transmission hands. 564; circuits, 563; of 
EM radiations, 396 

Transmutation, examples of, 728; of the 
elements,- nuclear physics, 722 
Transverse wave, 207, 409 
Treatment of cancer by x-radiation, 683 
Triad, musical, 244 
Trigonometric functions, 768 
Triode, 558; gas-filled, 623 
Tungar, 553 
Tungsten filament, 556 
Tuning fork, 226 
Two-dimensional. 66 
Two-])hase system generator, 531 
Tympanic meml)rane, 264 
Typhoons, 179 

tJUracentrifuge, 77, 106 
Vltramicroscope, 119, 330 
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Ultrasonic generator, 232 
Ultrasonics, 230 

Ultraviolet, 280; lamp, 400; physical and 
chemical effects of, 403; bactericidal 
action of, 405; biological effects of, 404; 
measurement of intensities of, 406; 
medical and other applications of, 406; 
sources of, 400; therapy, 402; trans¬ 
mission and reflection of, 401 
Undercooling, 152, 154 
Unit magnetic pole, 423; of absorption of 
sound, 269 

Units, dimensions of, 81; in the electro¬ 
static system, 453; in the practical 
system, 453; of measurement, 6; of 
measurement of the English and of 
the metric system, 6; miscellaneous, 
table of, 762 

University of Saskatchewan, 619, 747 
Uranium mines, 639 

Uranium-radium series, 691; table of, 692 
Irey. H. C., 639 

Vacuum bottle, 193; pump, diffusion, 121; 
pump; rotary, 120; tube, oscillators, 
561; tube rectifier, 649 
Valence electrons, 633 
Van de Graafj, Robert J., generator, 441, 
713 

\'apor pressure of water, variation with 
temperature, 163; saturated, 158; table, 
170 

Vaporization, heat of. 164 
Variable capacitors, 451 
Vascular dilation, 676 
\’asoconstriction, 199, 200 
Vasodilation, 109 

Vector, components of, 16; quantities, 14; 
sum, 15 

Velocities, vector treatment of, 82 
\'elocity, SO; of electrons. 572; of light, 
280; of molecules, 122; of sound, 222; 
of waves in stretched string or wire, 211 
Ventilation, 203 
Vernier, 7 
Vertebra, 29 

Vibrating strings, experimental study of, 
216 

Vibrations, forced, 224 
Victoreen, 678 
Video signals, 598 
Villard circuit, 647 
Mrtual images, 295, 319 


Viscosimeter, 72 

V'iscosity, 70; and the centrifuge, 76; co- 
effleient of, 70; effects on of particles 
in suspension, 74; importance of tube 
diameters, 74; nature of, 73; table of, 

73 

A'ision, binocular, 350; distance of, 330 
Visual acuity, 347; threshold, 347 
Vitamin A, 348 
\utreous humor, 343 

Vocal cords, 249, 252, 253; organs, physi¬ 
cal properties and action of, 249 
Volta, Count Alessandro, 3; contributions, 
456 

Voltage, extinction, 623; firing, 622 
Voltaic effects, some undesirable, 461 
Voltameter, 480, 504 
Volume expansion, coefficients of, 136 
Vowel. 251 
Voyvodic, L., 753, 754 

Walls, absorbent, 269 
Walton, E. T. S., 712 
Warm front, 177 
Water decomposition, 499 
Waterproof fabrics, 55 
Watson. F. R., 272 

Watt, James, 99; the, 99; of electrical 
power, 465 

Watt-hour meter, 536 
Wattless current, 549 
Wave, compressional, 207-209; length, 
208; motion, 207; motion, frequency of, 
209; front, 213; transverse, 207 
Waves, combinations of two or more, 210; 
compressional, velocity of, 212; de¬ 
monstration of, 209; graphical repre¬ 
sentation of, 209; interference of, 213; 
interference of light, 356; longitudinal, 
207; loops, 217; nodes, 217; ocean, 208; 
particle, 281, 282; refraction and reflec¬ 
tion of, 214; sound, 222; standing, 216; 
velocity of in a stretched string or wire, 
211; water, 208 

Weather, health in relation to, 180 
Weight, 91 

Weston standard cell, 490 
Wheatstone, Sir Charles, 487; bridge, 487, 
495 

White light, synthetic, 373; paint, 375 
Whole number rule, 637 

William, 192; displacement law, 

192, 395 
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Wilson, C. T. R., 749; cloud chamber, 673, 
728, 755, 756 

Wimshurst electrostatic generator, 441 

Wollaston, 388 

Work, 96; by expanding gases, 146; done 
in transferring charge, 446; function, 
556, 557, 590 

Xenon, fission-product, 627 

X-rays, 641; absorption by matter, 663; 
burns, 679; circuits, 646; circuits, ultra 
high voltage, 648; emission lines, table 
of, 662; energy considerations, 677; 
equipment, essential controls of, 650; 
photography, 652; production of, 642; 
properties of, 641; physical action on 


living cells, 675; spectrometry, 658; 
theoretical and quantitative considera¬ 
tions, 656; treatment of cancer by, 683 
X-ray tube, 552; Coolidge, 643, 646; gas- 
filled, 642; target materials, 645 

Yerkes telescope, 337 
Y'oung, Thomas. 356; experiment of, 357 
Young-Helmholtz theory of color vision, 
348; trichromatic theory, 350 
Young’s modulus, 35, 39, 212; applications 
of, 35 

Zeeman, Pieter, 418; effect, 418 
Zero, absolute, 127; centigrade, 126 
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